HyPOUOLDlIC  1/2 


AD-A168  143 


UNCLASSIFIED 


F/C  4/5 


NL 


ACCESSION  1  OR _ 

MIS  (iKA&l 

DTK  TAB 

l  N  ANNOUNCI  D 
.11  Sill  R  ATION 


PHOTOGRAPH  THIS  SHEET 

fcepc&rr  2. 

X.N  VEST/<aAT/  <3/1/3 

fwesTrtesi*  ~Dub.ih(x 

fan /ajual.  RePoon 

2.3  Sc-p-teryikxr  /9#2, 


DOCUMENT  IDENTIFICATION 


TRBUTTON  STATEMENT  X 

Approved  toj  public  releajM* 
Durribubon  On  limited 


DISTRIBUTION  STATEMENT 


o 


O 


INVENTORY 


DTIC 

ZLECTEi 

JUNO  6  19861 


BY _ 

DISTRIBUTION  / 


AVAILABILITY  CODES 


D1ST  AVAIL  AND/OR  SPECIAL 


DISTRIBUTION  STAMP 


66  5  08? 


DATE  RETURNED 


DATE  RECEIVED  IN  DTIC 


REGISTERED  OR  CERTIFIED  NO. 


PHOTOGRAPH  THIS  SHEET  AND  RETURN  TO  DT1C-DDAC 


DTIC  DFE°CRBM3  70A 


DOCUMENT  PROCESSING  SHEET 


PREVIOUS  EDITION  MAY  BE  USED.UNT  IL 
STOCK  IS  EXHAUSTED. 


AD- A 168  143 


(Unclassified) 


of  hemorrhaye  the  physioloyie.il  processes  that  contribute  to  the 
differences  amony  anesthetic  agents  for  induction  and  maintenance 
of  anesthesia  during  hemorrhaye  will  be  examined.  Swine  are  used 
as  the  experimental  model,  examining  the  rationale  and  physiology 
of  use  of  nitrous  oxide,  ent  lur.me,  isof  lur.ine,  halothane,  thiopent. 
and  ketamine  for  induction  of  anesthesia  during  the  hypovolemic 
condition . 

We  iiave  found  swine  to  be  an  excellent  laboratory  model  for 
the  study  of  hemorrhaye,  and  the  interaction  of  anesthetic  agents 
with  hemorrhage.  We  have  characterized  the  awake  swine  response  to 
hemorrhage,  and  defined  the  swine's  blood  acid-base  chemistry. 
During  hypovolemia,  induction  of  anesthesia  iwth  either  ketamine  or 
thiopental  causes  similar,  important  deterioration  of  ca rd i ovascu la i 
compensation  for  moderate  hemorrhage.  Reductions  in  systemic  vascuj 
resistance,  mean  blood  pressure,  and  cardiac  output  are  not  differed 
in  hypovolemic  animals  in  whom  anesthesia  is  induced  with  thiopental 
in  comparison  with  those  in  whom  anesthesia  is  induced  with  ketamin* 
Both  agents  also  further  exaggerate  the  lactic  acidosis  seen  with 
hemorrhage.  A  potentially  ’important  difference  between  the  two 
agents  is  the  continued  progressive  lactic  acidosis  one  half  hour 
after  induction  seen  in  ketamine  induced  animals,  but  not  in  thiopei 
induced  animals.  We  conclu  le  that  induction  of  anesthesia  in  hypo¬ 
volemic  condition  with  ketamine  does  not  offer  any  advantage  over 
induction  of  anesthesia  witri  thiopental  in  a  simili.tr  circumstance. 
Similarly,  enflurane,  halothan",  arid  isoflurane  wtvn  used  for 
induction  of  anesthesia  in  hypovolemic  swine  all  cause  deter iorat 101 
of  cardiovascular  compensation  for  hemorrhage.  The  decrease  i:i 
systemic  vascular  resistance,  cardiac  output,  and  mean  systemic  blo< 
pressure  among  the  animals  receiving  the  three  inhalation  agents  .in 
quite  similar,  as  are  the  metabolic  sequelae  and  i  ncrcascd  aci.i<  is  i  s 
We  have  found  that  30’  hypovolemia  decreases  the  minimal  anesthetic 
requirement  of  ketamine  and  thiopental  equivalently,  approximately 
35-40\.  We  have  determined  the  minimal  alveolar  anesthetic  concen¬ 
tration  (MAC)  in  swine  for  halothane  (].2r>  )  and  nitrous  oxide  1277’ 

The  products  of  this  project  are  important  and  meaningful  data 
and  recommendations  to  be  provided  U.SAMKDC,  AHS ,  and  ultimately  the 
user  --  the  anesthetist  in  a  combat  environment  --  regarding  the  us( 
(potential  advantages  and  disadvantages)  of  anesthetic  agents  for 
acutely  injured  soldiers. 
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3.  Summary 


This  research  attends  to  unmet  requirements  in  the  physiological  man  a/,*  - 
ment  of  moderately  and  severely  wounded  soldiers,  thereby  (a)  improving  tfu 
re  turn- to-du  ty  rate  of  the  con  bn  t  -  i  ri  j  u  re<i ,  (b)  reducing  morbidity  on!  mortal¬ 
ity  of  the  combat-injured,  and  (c>  reducing  resourie  (primarily  ma  t<  rial  and 
logistical  support)  utilization  by  Army  medical  tieid  facilities.  The 
research  examines  the  interaction  an»s the t i <  agents  appropriate  for  use  in 
a  combat  environment,  with  hemorrhage.  In  do  in,,  so,  the  physiology  of  lunor- 
rhage  the  physiolog  i  i  a  1  processes  that  (ontrihut*  t'»  tin;  differences  among 
anesthetic;  agents  tor  induction  and  :nt  i  n  t  en  nice  (it  anesthesia  during  lumoi- 
rhage  wilL  be  examined.  Rwine  arc  used  as  thi  .  xpe  r  i  men  ta  1  model,  examining 
the  rationale  and  physiology  of  us<*  of  uitreus  oxide  ,  enflurane,  isoflurane, 
halothane,  thiopental  and  ketamine  for  indie  *  i  on  ->l  anesthesia  during,  the 
hypovolemic  condition. 

We  have  found  swine  to  be  an  excellent  laboratory  model  for  the  study  of 
hemorrhage,  and  the  interaction  ot  anesthetic  agents  with  hemorrhage,  Wt  have 
characterized  the  awake  swine*  response  to  hemorrhage,  and  defined  the*  swine's 
blood  acid-base  chemistry.  During  hypovolemia ,  induction  cf  anesthesia  with 
either  ketamine  or  thiopental  causes  similar,  important  deterioration  of  car¬ 
diovascular  compensation  for  moderate  hemorrhage.  Reductions  in  systemic  vas¬ 
cular  resistance,  mean  blood  pressure,  am!  curdi.n  output  are  not  different 
in  hypovolemic  animals  in  whom  anesthesia  is  induced  with  thiopental  in  cor - 
pari  son  with  those  in  whom  anesthesia  is  induced  with  ketamine4.  Both  agents 
also  further  exaggerate  the  lactic  acidosis  seen  with  hemorrhage.  A  poten¬ 
tially  important  difference  between  tin  two  agents  i  ,s  tin1  continued  progres¬ 
sive  lactic  acidosis  om  h.i  I  f  hour  alter  induction  seen  in  ketamine  induced 
animals,  but  not  in  thiopental  induce.!  at.  i  i:i»  I  ?• .  We  conclude'  t  ha  I  imim  t  i  on  ot 
anesthesia  in  hypovolemic  condition  with  ketamine  doe.-,  not  oiler  any  advantage 
ove  r  induction  of  anesthesia  with  thiopental  in  a  similar  <;  i  i  i  urns  t  mice  .  Simi¬ 
larly,  enflurane,  halothane,  and  isoflurane  when  used  tor  induction  of 
anesthesia  in  hypovolemic  swine  all  cause  deterioration  of  cardiovascular  com¬ 
pensation  for  hemorrhage.  The  decrease  in  systemic  vascular  resistance,  car¬ 
diac  output,  and  mean  systemic  blood  pressure  among  the  animals  receiving  the 
three  inhaLation  agents  arc  quite  similar,  as  .no  t .he  metabolic  sequelae  and 
increased  acidosis.  We  have  found  that  30%  hypovolemia  decreases  the  minimal 
anesthetic  requirement  of  ketamine  and  thiopental  equivalently,  approximately 
35-40%.  We  have  determined  the  minimal  alveolar  amsthetic  concentration 
(MAC)  in  swine  for  halothane  (1.25%)  and  nitrous  oxide  (2  7  7/.,). 

The  products  of  this  project  are  important  and  meaningful  data  and  recom¬ 
mendations  to  be  provided  USAMRDC,  AMS,  and  ultimati  ly  the  user-- the  anesthe¬ 
tist  in  a  combat  env i ronnen t- - regard ing  the  use  (potential  advantages  and 
disadvantages)  of  anesthetic  agents  for  acutely  injured  soldiers. 
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7.  Body  of  Report 


A.  Background : 

1.  Ovo ra  1 1  Objec  tives : 

The  long-term  objectives  of  this  research  project  are  to  improve  the  phy¬ 
siological  management  of  moderately  and  severely  injured  soldiers,  and  thereby 
{.ij  improve  the  re  turn- to-du  ty  rate  of  the  comba  t- in  j  u  red ,  and  (b)  reduce  mor- 
biiitv  and  mortality  of  the  comba t- in jured .  Certain  portions  of  the  project 
also  focus  on  attempts  to  reduce  resource  (primarily  material  and  logistical 
support)  utilization  required  for  accomplishment  of  (a)  and  (b)  above. 

This  research  examines  the  interaction  of  anesthetic  agents,  appropriate 
for  use  in  a  comLat  env i ronmen t ,  with  hemorrhage.  In  doing  so,  we  also 
attempt  o  define  the  physiological  processes  that  contribute  to  the  differ- 
•  Hoes  among  anesthetic  agents  during  hemorrhage  and  the  differences  between 
the  physiological  effects  of  anesthetics  during  normovolemia  and  during  hypo- 
voL'-r.ia.  It  is  hoped  that  improved  management  will  result  from  such  an  under- 
s  tand  ing . 

2 .  In t roduc  lion: 

Further  advances  for  forward  resuscitation  and  in  management  of  the 
combat-wounded  will  depend,  in  part,  on  the  acquisition  and  application  of 
physiological  principles  and  understanding  of  the.  interaction  of  anesthetic 
agents  and  techniques  with  physiology  and  pa  tiiophy  s  io  logy  • 

Within  the  past  twenty  years,  there  has  been  a  vast  proliferation  of 
research  in  anesthesia  and  ane s thes ia- re  la  ted  fields.  Despite  the  information 
gained,  the  paucity  of  knowledge  upon  which  anesthesiologists  must  base  cru¬ 
cial,  life-determining  decisions  regarding  the  anesthetic  care  of  the  acutely 
wounded  soldier  is  distressingly  evident  in  the  chapter  on  “Anesthesia  and 
Analgesia"  of  the  First  US  Revision  of  the  Emergency  War  Surgery  NATO  Handbook 
(2).  The  NATO  handbook  quite  accurately  reflects,  "In  the  wounded  who  require 
surgery,  the  most  significant  alterations  in  physiology  involve  the  circula¬ 
tory  and  respiratory  systems."  The  anes thcsiologis t  in  a  combat  environment, 
in  order  to  be  able  to  moke  the  intelligent,  informed  decisions  for  the  proper 
care  of  his  patient,  must  have  the  knowledge  of  the  appropriate  normal  phy¬ 
siology,  abnormal  pathophysiology,  and  how  both  are  altered  by  the  drugs, 
agents,  and  techniques  he  may  utilize. 

In  addition  to  ensuring  adequate  ventilation  and  gas  exchange,  the 
anes thesio logi s t  must  also  be  concerned  with  optimizing  ca rd  i  ova  sc u  la r  func¬ 
tion  and  selecting  agents  and  techniques  that  will  provide  the  appropriate 
alterations  in  cardiac  output,  peripheral  vascular  resistance,  total  body  oxy¬ 
gen  consumption,  systemic  blood  pressure,  myocardial  work,  myocardial  oxygen 
consumption,  and  pulmonary  vascular  resistance.  Lacking  the  ability  to  create 
appropriate  alterations,  he  should,  at  the  worst,  have  the  ability  to  select 
the  agents  and  techniques  that  will  do  the  least  harm.  Myocardial,  cerebral, 
and  peripheral  tissue  blood  flow  must  he  maintained  at  levels  sufficient  for 
aerobic  metabolism. 


9 


All  anesthetic  agents  have  profound  influence  on  all  the  variables  listed 
above.  Halothane,  fluroxene,  diethyl  ether,  and  cyclopropane,  in  normal, 
healthy,  young  male  human  volunteers,  all  elevate  mean  right  atrial  pressure, 
increase  skin  blood  flow  and  decrease  oxygen  consumption  and  base  excess  (3- 
11).  Ether,  fluroxene,  and  cyclopropane  cause  minimal  or  no  decrease  in  car¬ 
diac  output,  stroke  volume,  left-ventricular  work,  stroke  work,  and  mean 
arterial  pressure  (5).  Halothane,  fluroxene,  and  ether  decrease  total  peri¬ 
pheral  resistance,  whle  cyclopropane  significantly  increases  it.  Unlike  other 
anesthetic  agents,  deep  fluroxene  anesthesia  causes  a  rise  in  arterial  pres¬ 
sure  (3-5)  as  a  result  of  increased  central  sympathetic  outflow  (12). 

Enflurane  during  spontaneous  ventilation  results  in  increased  PaC02, 
greatly  decreased  systemic  vascular  resistance,  reduced  mean  arterial  blood 
pressure  and  stroke  volume,  but  an  increased  heart  rate  and  cardiac  output 
(13).  The  investigators  attributed  the  latter  to  be  a  result  of  "beta- 
sympathetic  -  1 ike- s tinu la t ion"  in  response  to  elevated  arterial  PCO2  concentra¬ 
tions.  When  ventilation  is  controlled  so  that  PCU2  is  normal,  cardiac  output 
decreases  in  comparison  with  the  awake  state. 

Isoflurane,  a  relatively  new  inhalational  agent,  which  has  been  released 
recently  by  the  FDA  for  noninves tiga tiona 1  use,  has  been  shown  in  unpremedi- 
cated,  healthy  young  male  volunteers  to  preserve  cardiac  output  unchanged, 
decrease  stroke  volume,  arterial  pressure,  peripheral  resistance,  V02  and 
left-ventricular  work,  while  increasing  right  atrial  pressure  and  Q/V02  during 
constant  PaC(>2,  maintained  by  controlled  ventilation  (14).  During  spontaneous 
ventilation,  cardiac  output  and  heart  rate  rise  further  as  a  result  of  rise  in 
pa^^2»  despite  the  blunting  of  the  cardiovascular  response  to  CO2  by  isoflu¬ 
rane  (15). 

Nitrous  oxide,  first  prepared  by  Priestly  in  1772,  and  first  demonstrated 
to  have  anesthetic  properties  by  Sir  Humphrey  Davey  in  1800,  is  not  suffi¬ 
ciently  potent  for  sole  use  as  an  anesthetic  agent.  Hyperbaric  studies  have 
demonstrated  that  at  normal  barometric  pressure  approximately  110%  N^O  would 
be  required  to  produce  anesthesia.  Nevertheless,  N^O  is  almost  universally 
added  to  other  inhalation  agents  to  reduce  the  concentration  of  the  other 
inhalation  anesthetic.  The  rationale  for  this  practice  was  originally  related 
to  the  now-discarded  belief  that  N^O,  beyond  its  ana  lges ic /anes the t i c  proper¬ 
ties,  had  no  other  pha rmaco log ica  l  actions.  Within  the  past  10-15  years, 
information  has  been  gathered  regarding  cardiovascular  actions  of  N^O  in 
experimental  animals  as  well  as  in  man.  Because  of  the  wide  variations  in 
experimental  designs,  the  results  are  not  clear.  Many  variables  appear  to 
influence  greatly  the  cardiovascular  action  of  N^O,  e . g . ,  type  of  ventilation, 
prior  administration  of  drugs,  background  anesthetic  agent,  duration  of 
administration  of  NO  prior  to  measurement,  patient  age,  and  patient  physical 
status.  Smith  et  at  (16)  also  suggested  (without  supporting  evidence  or  ^  ta- 
tion  of  any  references)  that  the  "extent  of  ...  trauma  or  blood  loss"  prooaoly 
influences  the  cardiovascular  action  of  NO.  When  added  to  halothane,  N£0 
appears  to  result  in  cardiovascular  stimulation  in  normal  man  (17,18),  in  car¬ 
diac  patients  (19),  and  in  the  normal  dog  (20-22),  although  Hill  a_l  (23) 
noted  cardiovascular  depression  with  the  addition  of  N^0  to  halothane  in 
patients  with  heart  disease  (for  operation  for  aortic  or  mitral  valve  replace¬ 
ment  or  coronary  artery  bypass  graft),  and  Brower  and  Merin  (24)  failed  to 
note  significant  cardiovascular  action  of  N^o  upon  its  addition  to  halothane 
anesthesia  in  swine.  Stimulation  is  seen  in  man  with  the  addition  of  nitrous 
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oxide  to  fLuroxene  (25),  diethyl  ether  (26),  arid  isofiurar.e  (27)  anesthesia. 

In  contrast.  Smith  ct  al  (16)  recently  observed  minimal  cardiovascular  changes 
with  the  addition  of  NyJ  to  enflurane  anesthesia.  With  the  addition  of  M-0  to 
a  background  of  narcotic  anesthesia,  cardiovascu  iar  depression  is  frequently 
noted  in  man  (28,29;  and  in  dogs  (30). 

Ca rd i ovascu la r  stimulation  in  man  by  the  addition  of  N.,0  to  ail  inhala¬ 
tion  anesthetic  agents  except  enflurane  is  likely  an  indirect  effect.  Nitrous 
oxide  was  previously  thought  to  spare  the  myocardium  of  depression  and  cause  a 
minimal  peripheral  vasoconstriction  (31-33),  probably  through  an  increase  in 
sympathetic  activity  (32).  Recent  work  has  demonstrated  a  direct  decrease  in 
myocardial  contractile  force  by  50",  N..0  (34).  This  is  not  as  great  a  reduc¬ 
tion  as  caused  by  an  equipotent  anesthetic  concentration  of  halothane  (34,35). 
In  in  vivo  studies,  the  s timu la t ion  of  sympathetic  nervous  activity  by  N^O 
would  tend  to  antagonize  the  direct  myoca rd ia 1  depression  (36,37). 

Despite  the  stimulation  seen,  it  appears  that  NO  does  not  enhance  the 
overall  margin  of  safety  of  inhalation  anesthetic  agents  with  respect  to  the 
amount  of  agent  required  to  produce  respiratory  or  cardiac  arrest  (38). 
Nevertheless,  N.,0  continues  to  be  used  ubiquitously  unless  the  patient  physio¬ 
logically  requires  very  high  concentrations  of  inspired  oxygen. 

The  stimulatory  response  requires  a  system  capable  of  providing  a  rela¬ 
tively  intact  sympathetic  response.  This  nay  be  neither  true  nor  desirable 
during  hypovolemia.  This  consideration  does  not  appear  to  have  been  tested. 

With  the  introduction  of  thiopental,  induction  of  anesthesia  by 
intravenous  anesthetics  became  popular.  With  the  entry  of  the  U.S.  into  World 
War  II,  much  debate,  based  on  anecdotal  experience,  arose  regarding  the  wisdom 
of  the  use  of  thiopental  in  a  military  setting  (39-50).  The  predominant  opin¬ 
ion  appears  to  have  been  that  thiopental  should  not  be  used  for  induction  of 
anesthesia  in  cases  of  severe  trauma  or  shock  (43,45).  However,  anesthetic 
practice  today  differs  greatly  from  that  employed  in  the  early  I940's,  At 
that  time,  supplemental  oxygen  was  not  administered  to  all  patients;  nor  was 
it  even  available  on  a  routine  basis.  Patients  breathed  spontaneously.  The 
doses  of  thiopental  that  were  employed  (minimum  of  0.5  grams;  most  often 
several  grams)  are  by  today's  standards,  grossly  excessive,  especially  for 
patients  with  abnormal  hemodynamics. 

Although  thiopental  did  become  the  subject  of  research  centered  on  its 
hemodynamic  properties  indicating  myocardial  depression  (51)  and  reduction  of 
vasomotor  tone  (52),  its  use  for  induction  during  hypovolemia  has  not  been 
studied  systematically. 

More  recently,  a  relatively  new  agent,  ketamine,  has  been  advocated  for 
use  in  hypovolemic  shock  (53).  In  doses  of  2  mg/kg  IV,  given  to  fit  patients 
without  premed i ca t ion ,  ketamine  has  been  shown  to  increase  heart  rate  36%, 
systolic  blood  pressure  4l%,  diastolic  blood  pressure  40%,  mean  arterial  pres¬ 
sure  40%,  cardiac  output  57%,  and  stroke  volume  22%  (54,55).  This  effect  is 
probably  mediated  through  vagolytic  activity  through  baroreceptor  blockade 
(56-5S)  and  central  adrenergic  stimulation  with  peripheral  alpha  effect 
(56,59-62;.  Low  doses  (1-2  mg/kg  IV)  result  in  a  variable  positive  inotropic 
effect  (63,64),  whereas  high  doses  are  negatively  inotropic  (65-67).  Unfor¬ 
tunately,  ketamine  is  relatively  short-acting  (20-30  minutes),  and  repeat 
injections  have  been  reported  to  have  less  or  no  pressor  response  (54,68,69). 
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Premed ica tion  with  atropine  attenuates  the  cardiovascular  response  to  ketamine 
(70-73).  When  ketamine  is  given  during  general  anesthesia,  a  depressor 
response  is. elicited  (74-7b). 

Ketamine  has  been  used  as  an  induction  agent  for  hypovolemic  shock.  In 
dogs.  Virtue  e t  a l  (67)  noted  a  modest  (4%)  increase  in  blood  pressure,  and 
Gassner  et  al  (77)  noted  an  increase  in  blood  pressure  and  heart  rate  in  hypo¬ 
tensive  cats  on  induction  with  ketamine.  These  studies,  however,  did  not 
quantitate  the  degree  of  hypovolemia.  In  30  humans  in  "hemorrhagic  shock", 
Corssen  ej:  (78)  reported  a  17%  increase  in  systolic  blood  pressure  upon 

induction  with  an  unspecified  dose  of  ketamine.  Chasapakis  et  al  (79)  noted  a 
similar  response  in  13  similar  patients  premedicated  with  atropine  and  given  2 
mg/kg  IV  and  pancuronium  4  mg  IV  for  induction.  Unfortunately,  none  of  these 
quantitated  the  degree  of  hypovolemia  not  commented  upon  continued  intraopera¬ 
tive  course;  nor  did  they  compare  ketamine  with  other  agents.  Most  of  this 
literature  regarding  ketamine  has  been  of  less  than  good  quality. 

With  the  exceptions  noted,  the  pharmacology  described  above  was  learned 
from  anesthetizing  either  normal  animals  or  normal,  young,  healthy  men.  It  is 
inappropriate  to  attempt  to  translate  these  pharmacological  findings  from  nor¬ 
mal  man  to  hypovolemic  man.  Many  of  the  indirect  but  important  card iovascu  lar 
actions  of  anesthetic  agents,  especially  those  of  enfLurane,  isoflurane, 
nitrous  oxide,  and  ketamine,  require  an  intact  sympathetic  response.  Hemor¬ 
rhage  results  in  sympathetic  discharge  (90).  Further  sympathetic  outflow  may 
be  neither  possible  nor  desirable. 

Only  two  studies  have  compared  anesthetic  agents  during  hemorrhage 
(81,92^.  Theye  e_t  £l_  (81)  compared  survival  times  during  removal  of  0-40 
ml’kg  of  blood  from  dogs  with  intact  spleens,  ventilated  and  anesthetized 
with  cyclopropane,  halothane,  or  isoflurane.  Prior  to  blood  loss,  cyclopro¬ 
pane  resulted  in  higher  cardiac  output  and  mean  arterial  blood  pressure  than 
either  halothane  or  isoflurane,  presumably  as  a  result  of  higher  arterial 
epinephrine  concentration.  With  hemorrhage,  cardiac  output  and  mean  arterial 
blood  pressure  fell  more  rapidly  with  cyclopropane  than  with  either  inhalation 
agent;  arterial  epinephrine  increased  more  rapidly  with  cyclopropane  than  with 
either  inhalation  agent;  oxygen  consumption  fell  the  most  and  arterial  lactate 
concentration  increased  the  most  with  cyclopropane.  Survival  time  was  shorter 
with  cyclopropane  than  with  either  isoflurane  or  halothane. 

We  have  compared,  in  splenec tomized  dogs,  the  cardiorespira tory  influ¬ 
ences  of  graded  hemorrhage  (0,  10,  20,  and  30%  blood  loss)  during  enfLurane, 
halothane,  isoflurane,  and  ketamine  anesthesia  with  spontaneous  ventilation 
(82).  Diethyl  ether  and  cyclopropane  were  not  studied  because  of  their  flamma¬ 
bility  and  explosive  potential  and,  therefore,  imprac t ica 1 i ty  in  a  battlefield 
medical  facility  environment.  In  comparison  with  the  awake  state  during  nor¬ 
movolemia,  of  the  agents  studied,  only  ketamine  provided  cardiovascular  stimu¬ 
lation  (increased  heart  rate  and  cardiac  output),  while  enflurane  resulted  in 
the  greatest  depression  of  cardiovascular  function  (decreased  mean  arterial 
blood  pressure,  cardiac  output,  and  stroke  volume).  With  graded  blood  loss, 
cardiac  output  decreased  more  rapidly  with  ketamine  than  with  all  of  the  three 
inhalation  agents,  so  that  by  30%  hemorrhage  there  was  no  difference  in  car¬ 
diac  output  among  halothane,  isoflurane,  and  ketamine.  In  response  to  hemor¬ 
rhage,  systemic  vascular  resistance  increased  most  with  ketamine.  Thus,  at 
30%  blood  loss,  mean  arterial  bLood  pressure  was  highest  with  ketamine. 
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Rate-pressure  product  and  minute  work  were  highest  with  ketamine  throughout 
hemorrhage  except  for  minute  work  at  30%  blood  loss.  This  was  reflected  in 
total  body  oxygen  consumption  being  highest  with  ketamine  at  0-20%  blood  loss. 
Oxygen  consumption  did  not  change  with  hemorrhage  with  any  inhalation  agent, 
but  decreased  with  hemorrhage  with  ketamine,  suggesting  that  oxygen  demand  was 
not  met;  arterial  blood  lactate  concentration  increased  with  hemorrhage  only 
with  ketamine.  Under  these  conditions  of  the  experiments  of  Theye  (81)  and 
our  own  (82),  sympathetic  stimulation  appears  to  be  an  undesirable  property  of 
an  anesthetic  agent  when  used  for  maintenance  of  anesthesia  during  moderate 
hypovolemia.  These  expriments  (82)  were  performed  while  the  dogs  breathed 
spontaneously,  and  resulted  in  differing  arterial  PCO2  among  the  anesthetic 
agents.  Although  the  cardiovascular  stimulation  caused  by  carbon  dioxide 
(15,82)  is  blunted  by  anesthetic  agents  (15,18,83,84),  the  varying  levels  of 
CO  2  among  the  agents  may  have  influenced  the  results. 

The  renin-antio tensin  (R-A)  system  also  plays  an  important  role  in  the 
physiologic  response  to  and  compensation  for  hemorrhage  (86-91).  The  influ¬ 
ence  of  anesthetic  agents  on  the  R-A  system  has  received  sone  attention,  with 
conflicting  results  (92-98).  However,  under  normal  circumstances,  the  R-A 
system  appears  not  to  be  an  important  controller  of  cardiovascular  dynamics 
during  anesthesia  (97).  This  is  not  the  case,  however,  in  some  specific  cir¬ 
cumstances  of  altered  cardiovascular  dynamics.  When  hypotension  is  intention¬ 
ally  created  by  vasodilation  with  ni troprusside  in  anesthetized  animals,  the 
R-A  system  plays  an  important  role  in  preventing  what  would  otherwise  be  a  far 
greater  fall  in  systemic  blood  pressure  ( i  ♦  e .  ,  it  produces  significant  compen¬ 
sation)  (99-100).  The  R-A  system  is  also  responsible  for  the  rebound  hyper¬ 
tension  observed  following  discontinuation  of  ni troprusside  (101-102).  In 
sodium-depleted  animaLs,  the  R-A  system  is  an  important  regulator  of  blood 
pressure  during  anesthesia  (103).  These  lines  of  evidence,  indicating  that 
anesthetic  agents  decrease  blood  pressure  in  states  where  the  R-A  system  is 
activated,  lead  one  to  suspect  that  this  may  also  be  the  case  during  hemor¬ 
rhage.  Although  this  hypothesis  has  also  been  suggested  by  others  (97),  it 
does  not  appear  to  have  been  tested. 

Understanding  the  interaction  of  anesthetic  agents  with  the  R-A  system 
during  hemorrhage  offers  the  possibility  of  improved  casualty  management 
through  appropriate  selection  of  anesthetic  agents  and  R-A  stimulants  or 
blockers . 

There  is  no  scientifically  derived  information  regarding  the  actions  of 
anesthetic  agents  when  used  for  induction  of  anesthesia  in  a  hypovolemic  con¬ 
dition.  The  work  described  in  this  report  represents  efforts  to  delineate  the 
interactions  of  anesthetic  agents  and  cardiovascular  control  mechanisms  and 
effects  during  significant  hypovolemia. 
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B .  Approach: 

1.  Comparison  of  ketamine,  thiopental,  enflurane,  halothane,  and  isoflu- 
rane  for  induction  of  anesthesia  during  moderate  hypovolemia. 

Young  domestic  swine  (Ches ter-Whi te-Yorkshire  mix  breed;  18-21  kg)  are 
being  used  to  investigate  the  cardiovascular  and  metabolic  response  to  induc¬ 
tion  of  anesthesia  during  hypovolemia.  We  use  swine  because  (a)  dogs  are 
becoming  increasingly  difficult  to  obtain  for  purposes  of  research;  (b)  swine 
are  readily  available  in  nearly  uniform  size;  (c)  the  cardiovascular  system  of 
swine  more  closely  resembles  man  than  does  that  of  the  dog;  (d)  swine  hemor¬ 
rhage  models  have  been  used  successfully  by  others.  Although  we  were  not 
aware  of  it  at  the  initiation  of  this  project,  Hannon  at  the  Letterman  Army 
Institute  of  Research  has  had  good  results  bleeding  awake  swine  of  approxi¬ 
mately  the  same  size  we  use  (104-105),  His  animals  have  been  bled  by  as  much 
as  50%  of  their  estimated  blood  volume  while  unanesthetized  and  unrestrained, 
von  Engelhardt  reviewed  the  cardiovascular  parameters  of  swine,  although  much 
of  the  data  was  accumulated  in  anesthetized  animals  (106).  Awake  swine  have 
been  used  to  .investigate  renal  bLood  flow  at  rest  and  during  exercise  (107), 
capillary  flow  during  hemorrhagic  shock  (108),  humoral  response  to  hemorrhage 
(109-110),  and  myocardial  metabolism  after  hemorrhage  (111),  The  anesthetized 
pig  has  been  used  for  a  variety  of  studies,  including  hemorrhage  (112-118), 
efficacy  of  stromal-free  hemoglobin  (119),  and  myocardial  effects  of 
anesthetic  agents  (120). 

Our  animals  are  first  briefly  anesthetized  with  an  inhalation  agent  to 
allow  for  placement  of  peripheral  venous,  arterial,  and  thermis tor- tipped  pul¬ 
monary  arterial  cannulae.  The  trachea  is  intubated,  the  animal  paralyzed  and 
ventilated  with  a  tidal  volume  of  20  ml/kg,  and  ventilatory  rate  adjusted  to 
maintain  arterial  PCO2  at  40  torr. 

Inspired  partial  pressure  of  oxygen  (P^)  is  adjusted  to  maintain  par¬ 
tial  pressure  of  oxygen  in  arterial  blood  (Pa02)  at  approximately  150  torr. 

The  balance  of  inspired  gas  is  nitrogen.  End-tidal  partial  pressures  of  O2, 
co2>  ^2>  N2°>  isoflurane,  enflurane,  and  halothane  are  monitored  at  the  endo¬ 
tracheal  tube  orifice  by  mass  spectroscopy.  The  pig  is  paralyzed  with  metocu- 
rine,  0.2  mg/kg  IV,  and  supplemented  as  required.  Metocurine  is  used  because 
of  its  lesser  cardiovascular  effects  when  compared  with  pancuronium,  gallam- 
ine,  or  d- tubocurarine  (121).  A  percutaneous  venous  catheter  is  placed  in  a 
forelimb,  and  a  catheter  is  threaded  through  the  superficial  femoral  artery 
into  the  abdominal  aorta.  A  thermis ter- tipped ,  flow-directed,  triple-lumen 
catheter  is  introduced  percu taneously  just  above  the  suprasternal  notch 
through  the  innominate  vein  into  the  pulmonary  artery.  Placement  is  verified 
by  pressure  trace  and  the  ability  to  obtain  pulmonary  arterial  (capillary) 
wedge  pressure.  Throughout  these  experiments,  each  swine's  temperature  (meas¬ 
ured  by  the  PA  catheter  thermistor)  is  maintained  within  ±  1  C  of  the 
animal's  original  temperature.  Following  placement  of  all  cannulae  and  elimi¬ 
nation  of  anesthetic  agents  by  continued  ventilation,  measurements  are  made  in 
the  normovolemic  condition.  Samples  are  withdrawn  from  the  femoral  arterial 
and  pulmonary  arterial  catheters  for  measurement  of  arterial  and  mixed  venous 
blood  gases,  pH,  and  oxygen  concentration.  Blood  gases  are  measured  by 
Radiometer  electrodes  in  Radiometer  steei-and-glass  cuvets;  pH  is  measured 
with  a  Severinghaus-UC  electrode  (122),  all  thermostatically  controlled  at  37° 

C.  Oxygen  concentration  is  measured  by  an  electrolytic  cell  (Lex-02-Con-TL) 
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(123).  As  an  indicator  of  tissue  oxygenation,  blood  samples  are  also  with¬ 
drawn  for  the  measurement  of  lactate  and  pyruvate  concen tra tions .  To  assess 
each  anesthetic  agent"s  influence  on  the  sympathetic  response  to  hemorrhage, 
blood  is  sampled  for  measurement  of  total  ca techolamine ,  epinephrine,  and 
norepinephrine  concentrations  (124).  To  assess  experimental  effects  on  the 
renin-angiotensin  system,  arterial  blood  is  sampled  for  assay  of  plasma  renin 
activity  (125).  Femoral  arterial  and  pulmonary  arterial  blood  pressures  are 
continuously  transduced  by  Statham  23Db  transducers.  Pulmonary  arterial  wedge 
pressure  is  measured  by  inflation  of  the  balloon  of  the  pulmonary  arterial 
catheter.  Right  atrial  pressure  is  measured  via  the  proximal  lumen  of  the 
same  catheter.  Cardiac  output  is  estimated  by  a  thermodilution  technique, 
injecting  3  ml  of  0°  C  0.9%  saline  through  the  pulmonary  arterial  catheter, 
and  using  an  analog  computer  (Edwards  Laboratories  Model  9520A).  Electrocar¬ 
diogram  is  constantly  monitored. 

The  following  variables  are  recorded  on  a  multi-channel  polygraph:  par¬ 
tial  pressures  of  oxygen,  carbon  dioxide,  nitrous  oxide,  enflurane,  isoflu- 
rane,  and  halothane  at  the  tracheostomy  tube  orifice;  femoral  and  pulmonary 
arterial  blood  pressures  (phasic;  mean  pressures  are  electrically  generated  by 
the  pre-amplifier;  pulmonary  arterial  wedge  pressure  and  right  atrial  pressure 
are  recorded  on  the  same  channel  as  phasic  and  mean  pulmonary  artery  pres¬ 
sure);  electrocardiogram;  thermodi iu tion  trace  from  the  PA  catheter 
thermis to r--necessary  to  ensure  that  the  washout  is  logarithmic  and  that  the 
computer-derived  cardiac  output  value  is  valid.  From  these  measurements,  the 
following  are  calculated:  base-excess  (126-127),  stroke  volume,  mean  arterial 
and  pulmonary  pressure,  stroke  and  minute  myocardial  work,  systemic  and  pul¬ 
monary  vascular  resistances,  total-body  oxygen  consumption  (cardiac  output  x 
C'a-v02^>  oxygen  transport,  and  ratio  of  oxygen  transport  to  oxygen  consump¬ 
tion.  Following  these  measurements,  the  pig  is  bled  during  a  30-minute  period 
of  30%  of  its  blood  volume  (106)  through  the  arterial  catheter  Into  a  transfer 
pack  containing  heparin  so  that  the  final  concentration  of  heparin  is  1  unit 
heparin/ml  of  blood.  After  a  minimum  of  30  minutes,  all  measurements  are 
repeated.  Thus,  we  evaluate  each  swine  awake  in  the  normovolemic  condition, 
and  following  30%  hemorrhage. 

Each  pig  is  randomly  assigned  to  one  of  the  anesthetic  groups  listed 
below.  With  the  animal  hypovolemic,  we  then  induce  anesthesia  with  one  of  the 
f ol lowing: 


Group  I:  Control;  no  anesthetic  agent  administered 

Group  II:  Enflurane,  1.25%  end-tidal 

Group  III:  Halothane,  0.50%  end-tidal 

Group  IV:  Isoflurane,  0.85%  end-tidal 

Group  V:  Nitrous  oxide,  60%  end-tidal 

Croup  VI:  Ketamine  (for  IV  dose,  see  below) 

Group  VII:  Thiopental  (for  IV  dose,  see  below) 
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The  concentrations  of  inhalation  agents  have  been  selected  to  be  slightly 
greater  than  one-half  the  required  minimal  alveolar  concentration  in  the  nor- 
movoLeraic  animal  {hypotension  reduces  anesthetic  requirement  (  128 , 154, 1 55  )  J . 
The  doses  of  injectable  agents  (thiopental  and  ketamine)  are  established  in 
the  following  manner.  Twenty-four  to  48  hours  before  experimentation,  with 
the  pig  (normovo Lemic )  resting  quietly  in  a  sling,  the  amount  of  intravenous 
agent  required  to  produce  loss  of  lid  and  corneal  reflexes  and  loss  of 
response  to  ear-pinch  is  determined.  The  dose  used  for  induction  of 
anesthesia  during  hypovolemia  is  one-half  the  dose  established  during  normo¬ 
volemia  24-48  hours  previously.  Ear-pinch  following  induction  with  this  dose 
during  hypovolemia  has  failed  to  elicit  any  response. 

End-tidal  gas  partial  pressures,  systemic  and  pulmonary  artery  pressures, 
and  EC G  are  continuously  recorded  during  induction.  Qp,  PAPW,  and  RAP  are 
measured  every  5  minutes  during  induction  of  anesthesia. 

All  measurements,  calculations,  and  blood  samplings  (as  indicated  above 
for  the  awake  conditions)  are  performed  at  5  and  30  minutes  after  induction  of 
anesthesia.  In  this  way,  both  the  transient  and  quasi  steady-state  conditions 
are  assessed. 

Following  these  measurements,  shed  blood  is  returned,  and  after  ‘’0 
minutes,  all  measurements,  samplings,  and  calculations  are  repeated. 

Anesthesia  is  then  discontinued  and  measurements  and  calculations  repeated  30 
minutes  after  the  elimination  of  the  anesthetic  agent. 

This  experimental  approach  will  allow  us  to  show  the  influence  of  time 
(physiologic  compensation,  or  deterioration,  if  any)  on  the  preparation  by 
comparison  of  data  obtained  during  the  course  of  experimentation  within  the 
controL  group,  and  by  comparison,  within  each  anesthetic  group,  of  the  awake 
normovolemic  values  prior  to  hemorrhage  with  similar  values  after  return  of 
shed  blood  and  elimination  of  anesthetic  agents. 

The  data  will  show  the  comparative  cardiovascu lar  influence  of  anesthetic 
agents  used  for  induction  of  anesthesia  during  significant  hypovolemia. 

These  results  will  allow  us  to  provide  recommendations  to  USAMRDC  regard¬ 
ing  choice  of  anesthetic  agents  for  use  for  induction  of  anesthesia  in  a 
wounded  soldier  who  is  hypovolemic,  and  whose  blood  volume  cannot  be  ade¬ 
quately  restored  prior  to  surgery. 

S ta tistica  1  Treatment  of  Da ta :  Cardiovascular  and  metabolic  variables 
among  anesthetic  agents  and  the  control  group  will  be  compared  using  analysis 
of  variance  with  repeated  measures,  and  Neuman-Keuls  method  of  multiple  com¬ 
parisons  (129).  Similar  statistical  tests  will  be  performed  to  compare  the 
awake  hypovolemic  with  the  anesthetized  hypovolemic  state,  as  well  as  the 
awake  normovolemic  with  the  awake  hypovolemic  state.  These  tests  will  be  con¬ 
ducted  as  the  series  of  experiments  progresses,  and  the  experiments  will  be 
terminated  upon  achieving  statistical  significance  (P  <  0.05)  among  anesthetic 
agents,  thus  affording  the  possibility  of  using  fewer  than  the  stated  number 
of  animals. 
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2.  Swine  blood  acid-base  chemistry : 

In  order  to  appropriately  evaluate  the  metabolic  sequelae  of  subsequent 
experimentation,  we  required  information  regarding  swine  blood  acid-base  chem¬ 
istry. 

We  were  unable  to  find  this  information  in  the  literature.  Although  we 
lacked  information  indicating  specific  differences  in  acid-base  parameters 
between  human  and  experimental  animal  blood,  we  were  not  especially  concerned 
until  the  report  of  Scott  Emuakpor  et  al.  (161),  which  indicated  differences 
between  human  and  canine  blood  in  the  hemoglobin- independent  plot  of  log 
against  pH.  Those  findings  and  our  need  to  characterize  the  acid-base  status 
of  swine  blood  led  to  these  investigations.  As  a  result,  acid-base  curve  and 
alignment  nomograms  were  constructed  for  swine  blood,  and  the  methodology  used 
for  their  construction  was  reappraised. 


Collection  and  Handling  of  Biood 


Four  studies  were  performed;  each  study  used  the  blood  of  a  different 
pig.  Each  pig^s  blood  was  handled  in  a  similar  fashion,.  Pigs  were  anesthe¬ 
tized  with  thiopental,  and  330  ml  of  arterial  blood  was  collected  in  heparin 
(33  units/ml  blood).  Whole  blood  was  centrifuged  and  three  red  blood  cell 
dilutions  (to  packed  cell  volumes  of  approximately  9,  27,  and  45%)  were 
prepared  from  the  separated  red  biood  cells  and  plasma.  A  sample  of  well- 
mixed  original  whole  blood  and  samples  of  each  dilution  were  placed  in  ice  for 
later  determination  of  total  protein  (162),  hemoglobin  (162)  2,3- 
diphospoglycera te  (163)  and  me themog lobin  (164)  concentration.  Blood  samples 
were  prepared  in  duplicate  at  base  excesses  (BE)  of  -25,  -20,  -15,  -L0,  -5,  0, 
+5,  4-15  and  +20  mEq/1  at  each  of  the  three  hemoglobin  concentrations  (a  total 
of  60  samples)  by  adding  100  *j1  of  working  acid  or  base  solution  (see  below) 
to  3.9  ml  of  blood.  To  prevent  red  cell  lysis,  blood  samples  were  briefly 
centrifuged  at  low  speed,  and  the  acid  or  base  solution  was  added  to  the  swir¬ 
ling  supernatant  plasma.  Samples  were  »ien  gently  but  thoroughly  mixed. 

Blood  preparation  was  followed  by  tonometry  and  measurement  of  pH.  One  member 
of  each  pair  of  blood  samples  was  equilibrated  for  7  min  in  an  Instrumentation 
Laboratories  Model  213  tonometer  with  a  gas  mixture  of  2.72%  CO2  in  O2 »  the 
other  member  of  the  pair  was  similarly  equilibrated  with  a  gas  mixture  of 
9.60%  CO2  in  O2.  The  gas  mixtures  had  been  previously  analyzed  in  triplicate 
using  the  method  of  Scholander  (165).  (When  these  gas  flows  and  concentra¬ 
tions  and  blood  volumes  were  used  in  preliminary  experiments,  equilibration  of 
blood  with  CO2  was  achieved  within  4-5  min.) 

We  measured  pH  using  a  Sever inghaus-UC  electrode  (122)  thermostati¬ 
cally  controlled  at  38.8°C,  and  a  Lorenz  Model  3  DBM-3  amplifier.  The  pH 
electrode  was  calibrated  with  precision  reference  buffers  (pH  6.839  and  7.379 
at  38.8  C,  Radiometer,  3-ml  sealed  glass  ampules).  Electrode  calibration  was 
checked  with  the  7.379  buffer  before  and  after  each  blood  sample  reading. 
Measure-  ments  were  performed  in  duplicate  with  a  maximal  allowable  difference 
between  the  two  determinations  of  0.003  pH  units.  The  mean  (+  SD)  of  the 
difference  between  the  paired  reading  for  all  samples,  calculated  without 
respect  to  sign,  was  0.001  +  0.001  pH  units.  Measurements  of  pH  were 
corrected  for  red  cell  suspension  effect  (166,  167).  Carbon  dioxide  partial 
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pressure  was  measured  in  duplicate  using  a  CO2  electrode  (Radiometer  E5Q36)  in 
a  s tee L-and-glass  cuvet  (Radiometer  D616)  thermostatically  controlled  at 
38.8  C.  The  electrode  was  calibrated  with  gas  mixtures  analyzed  in  triplicate 
using  the  method  of  Scholander  (165).  A  reading  of  a  standard  gas  with  a 
close  to  that  expected  for  the  blood  sample  was  taken  before  and  after  each 
blood  sample  reading.  Blood  CO2  tensions  were  systematically  measured  to 
ensure  equili-  bration  of  blood  with  CO2.  Mean  (+  SD)  difference  between 
measured  and  ex-  pected  blood  Pco9  (calculated  without  regard  to  sign)  was 
0.88  +  0.27  torr  at  Pqq^  67.9  torr.  Readings  for  pH  and  Pqq^  were 
corrected  for  electrode  drift. 

Preparation  and  Standardization  of  Acid  and  Base  Solutions 

A  1.0  N  solution  of  Na2C03  (100?.,  certified  alkalimetric  standard, 
Fischer  Scientific  Co.)  was  prepared  and  used  to  standardize,  by  titration, 
what  wl  determined  to  be  a  stock  solution  of  1.01  N  HC1.  The  1.01  N  HCl  was 
used  as  a  titrant  for  a  stock  solution  of  what  we  determined  to  be  1.03  N 
NaHCO^.  Concentrations  of  0.2  N,  0.4  N,  0.6  N  and  0.8  N  acid  and  base  working 
solutions  were  prepared  vo lume tr ica 1 ly  from  the  stock  solutions.  All  working 
solutions  were  titrated  as  described  above.  All  titrations  were  repeated 
after  completion  of  the  bench  laboratory  work  reported  here;  no  differences 
were  noted  between  determinations  made  before  and  after^  these  experiments. 

Data  Analysis 

The  data  generated  for  each  pig  resulted  in  three  sets  of  values 
(one  for  each  concentration  of  hemoglobin).  Each  set  contained  values  for  pH 
and  Pc02  for  blood  samples  at  each  base  excess  (0  to  20  mEq/1  of  acid  or  base 
added).  However,  since  the  base  excess  of  the  blood  drawn  from  the  animal  was 
not  necessarily  zero,  the  data  were  "normalized"  to  correct  for  any  small 
acid-base  imbalance  at  the  time  of  sampling.  To  accomplish  this,  Siggaard- 
Andersen  and  Engel  (168,  169)  plotted  constant  CO2  titration  curves  (pH  vs . 
acid  or  base  added)  at  both  carbon  dioxide  tensions  for  each  hemoglobin  con¬ 
centration.  They  curve-fit  their  data  by  eye  and  hand,  and  similarly  shifted 
the  axis  for  the  added  acid  or  base  so  that  zero  corresponded  to  pH  7.400  for 
the  Pqq2  40  torr  curve  (0.  Sigga rd-Andersen ,  personal  communication). 

In  following  their  methodology,  we  noticed  that  minor  differences  in 
curve- f i t ting  and  shifting  the  data  "by  eye"  resulted  in  relatively  large 
differences  in  the  final  nomograms.  Unable  to  arbitrarily  resolve  these 
observed  differences,  we  *?jed  precise  mathematical  and  graphical  techniques 
which  were  implemented  by  a  computer. 

For  each  concentration  of  hemoglobin,  we  calculated  regression 
coefficients  using  a  forward  stepwise  (with  a  backward  glance)  selection 
procedure  (170)  to  fit  the  model: 

pH  =  (Ci+C2*BE+C3*BE2+C4*BE3+C5*BE4)*log  Pco2+ 
C6+C7*BE-fCg*BE2-bC9BE3+Cio^BE4 

This  model  has  the  following  properties:  a)  for  any  given  BE  the  rela¬ 
tionship  between  pH  and  log  P^q^  *s  iinear»  6)  the  sl^pe  and  intercept  of  this 
relationship  may  vary  non-linearly  with  BE;  and  c)  for  each  concen-  tration  of 
hemoglobin,  the  calculated  coefficients  define  a  model  that  fits  the  data  with 
high  statistical  significance  (R2  >  0.99). 
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For  each  level  of  hemoglobin,  the  equation  was  "normalized0  to  a  pH  of 
7.400  for  a  BE  of  zero  and  a  Pqq^  40.0  torr,  Orr  et  al.  (171)  in  six  awake 
chronically *ca the terized  swine.  These  investigators  measured  Pa-g^  as  38  torr 
and  pHa  as  7.43  (BE  less  than  1  mmol/1).  This  seemed  sufficiently  close  to 
the  human  standard  of  of  40  torr  and  pH  of  7.40  to  retain  these  values 

for  BE  =  0  for  the  purpose  of  nomogram  construction.  This  "normalization"  was 
accomplished  by  solving  each  derived  regression  for  BE  at  pH  =  7.4  and  P^q  = 
40  torr  using  the  Jenkins-Traub  three-stage  algorithm  (172).  The  result, 
BEerror>  represented  the  deviation  of  the  acid-base  status  of  the  animal  from 
zero  at  the  time  the  blood  was  drawn.  Values  for  the  amount  of  acid  or  base 
added  (BE)  were  then  adjusted  (shifted)  by  the  amount  of  h^error*  The  above 
regression  model  was  then  refit  using  the  shifted  BE  values. 

Curve  nomogram.  Using  the  equations  resulting  from  the  above  curve¬ 
fitting  procedure,  we  calculated  the  relationship  between  pH  and  log  P^q^  f°r 
each  of  the  three  concentrations  of  hemoglobin  at  each  level  of  BE. 

S iggaard-Andersen  and  Engel  (169)  stated  that  for  each  level  of  BE  there  exist 
a  single  pH  and  Pgo?  that  are  independent  of  hemoglobin  concentration.  There¬ 
fore,  for  each  level  of  BE,  the  three  lines  calculated  above  should  intersect 
at  a  single  point.  Brodda  (173)  has  calculated  that  this  can  only  oc^-ir  if 
shifts  in  water  between  the  red  blood  ceil  and  plasma  that  result  from  changes 
in  pH  are  taken  into  account.  Experimentally,  the  three  iso-  hemoglobin  lines 
at  each  level  of  BE  result  in  three  intersections.  Several  approaches  are 
possible  when  approximating  the  hemoglobin- independen t  point  by  computer.  For 
example,  the  three  points  of  intersection  could  be  averaged.  However,  this 
method  can  be  shown  to  be  subject  to  large  error  when  two  of  the  hemoglobin 
lines  are  nearly  parallel.  Other  simple  methods  of  approximation  are  simi¬ 
larly  subject  to  error.  At  the  expense  of  being  more  complex  and  cumbersome, 
our  approach  avoided  this  potential  error. 

We  approximated  the  hemoglobin-independent  point  by  calculating  the  point 
which  minimized  the  mean  square  difference  in  pH  and  in  log  P^q  between  the 
point  and  the  three  buffer  slope  (isohemoglobin)  lines.  Intuitively,  such  a 
point  would  be  the  point  requiring  the  smallest  change  in  the  projection  of 
the  three  hemoglobin  lines  in  order  to  produce  a  common  intersection.  We 
derived  this  point  in  the  following  fashion. 

Let  (pHincj,  log  Pco?  )  be  the  Hb- independen t  point. 

1  ind 

Let  m^  and  bi,  i  -  1,  2,  3  be  the  slopes  and  intercepts  of  the  three 
linear  relationships  calculated  from  the  regression  model  for  a  given  BE 
( i » e » >  pH  =  n»£  log  PCO2  +  bi).  Solve  the  following  set  of  equations  for  pH  £  nd 
and  log  Pco  : 

^  ind 

dX 


d(pHind) 

where  X  -  (pHr  -  pHind)2  +  (pH2  -  pHind)2  +  (p»3  -  pHind)2 

_ I U_  « 

d(log  Pco  ) 

L  ind 


0 
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where  Y  =  (log  Pco  -  log  Pco  >2  + 

4 1  4 i n  d 

( log  PC0,  -  log  PC02  >2  + 

42  4ind 

<l°8  PC023  -  log  PC02.nd)2 
PHi  "  mi  log  PCO,.  J  +  br 

4  ind  4 

for  i  *  1,2,3 

P^ind  " 

log  pC02l  =  - 

mi 

A  curve  nomog.ram  was  then  plotted  by  connecting  the  hemog  lobin- independen  t 
points  for  a  series  of  BE  values. 

Alignment  nomogram.  Curve-shifted  data  were  used  for  a  comput-  erized 
construction  of  the  alignment  nomogram,  in  a  manner  similar  to  that  described 
by  Siggaard-Anaersen  (174). 


For  each  pig,  the  previously  derived  regression  equations  (one  for  each 
concentration  of  hemoglobin)  were  used  to  calculate  pH  values  at  each  standard 
P CO i ,  at  each  standard  base  excess.  The  resulting  four  pH  values  (one  per 
pig)  at  each  Pqq. »  BE  and  concentration  of  hemoglobin  were  averaged,  thus  pro¬ 
ducing  a  set  of  data  representing  the  "mean"  pig.  Raw  data  could  not  be  used 
for  this  purpose  because  the  base-excess  values  of  the  sampled  blood  differed 
slightly  among  pigs,  thus  requiring  differing  degrees  of  "curve-  shifting"  to 
achieve  "normalization".  "Mean"  pig  data  were  then  handled  as  if  they  were 
from  a  single  pig,  and  the  above  described  analysis  was  performed.  The  result 
was  separate  "mean"  curve  and  alignment  nomograms. 
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3.  Determination  of  anesthetic  dose  of  ketamine  or  thiopental,  in  hypo¬ 
volemic  swine. 

The  need  for  this  study  was  suggested  following  the  presentation  of  data 
from  study  #1  to  our  departmental  research  seminar.  Although  the  minimal 
anesthetic  doses  of  ketamine  and  thiopental  are  well  described  in  man  and 
animals  during  normovolemia,  the  data  do  not  exist  for  the  hypovolemic  state. 
If  hypovolemia  causes  the  minimal  required  doses  of  anesthetic  agents  to  be 
altered  differently  among  agents,  results  from  study  #1  would  be  difficult  to 
interpret.  We  therefore  conducted  the  following  study  to  determine  the 
minimal  anesthetic  doses  of  thiopental  and  ketamine  in  our  hypovolemic  model. 

Eight  swine  (Ches ter-Whi te-Yorkshire  cross)  littermates  (mean  weight  + 
SE),  15.3  +  0.4  kg)  were  divided  into  four  pairs  on  the  basis  of  similarity  in 
weight.  One  of  each  pair  was  randomly  assigned  to  receive  thiopental  (group 
T)  or  ketamine  (group  K) .  All  animals  were  in  good  health  for  each  study. 

Animals  were  anesthetized  four  times  whiLe  normovolemic,  at  least  two 
days  separating  each  study.  Unmedicated  animals  were?  placed  in  a  sling,  and  a 
cannula  was  inserted  into  an  ear  vein.  In  random  order,  on  four  separate 
occasions,  group  K  animals  were  given  ketamine  12.5,  L5,  17.5,  or  20  ng/kg  iv. 
Group  T  animals  were  given  thiopental  7.5,  10,  12.5,  or  15  mg/kg  iv.  Eventu¬ 
ally,  each  animal  received  all  four  doses. 

Animals  were  anesthetized  four  times  while  hypovolemic,  one  week  separat¬ 
ing  each  study.  Unmedicated  animals  were  anesthetized  briefly  with  halothane 
in  oxygen  and  nitrogen  while  arterial  and  venous  cannulae  were  inserted. 
Arterial  blood  samples  were  obtained;  and  PO^,  pC°2>  an<^  measured  by 
appropriate  electrodes.  Arterial  blood  pressure  was  transduced  (Statham  Model 
23Db)  and  recorded  (Gould  Model  2800  polygraph).  Halothane  was  discontinued, 
the  animal  allowed  to  awaken,  and  placed  in  a  sling.  Further  experimentation 
was  delayed  until  the  end-tidal  partial  pressure  of  halothane,  as  measured  by 
mass  spectroscopy,  fell  to  less  than  0.5  torr  (0.05  MAC).  To  prevent  hypoxia 
during  and  after  blood  loss,  animals  were  given  1-2  1/min  oxygen  by  mask. 

Each  animal  was  bled  by  30%  of  its  estimated  blood  volume  (106)  over  a  30-min 
period.  To  ensure  stability,  30  min  of  observation  followed.  In  random 
order,  on  four  successive  weeks,  group  K  animals  received  one  of  four  IV  doses 
of  ketamine:  2.5,  5,  7.5,  or  10  mg/kg  IV;  group  T  animals  received  thiopen¬ 
tal,  5,  7.5,  10,  or  12.5  mg/kg  IV.  Eventually  each  animal  again  received  alL 
four  doses. 

Following  the  administration  of  each  drug  in  either  the  normovolemic  or 
hypovolemic  state,  the  animal^s  response  ( i . e . ,  movement  or  lack  of  movement) 
to  a  clamp  on  the  tail  was  determined.  Tail-clamp  tests  were  performed  10, 

20,  30,  45,  60,  90,  120,  180,  240,  and  300  sec.  after  drug  administration. 

The  data  obtained  will  be  useful  in  evaluating  the  data  from  study  # 1.  In 
addition,  the  data  will  be  useful  to  the  practicing  anesthetist,  who  must 
administer  these  drugs  to  a  hypovolemic  soldier.  These  results  will  allow  us 
to  provide  recommendations  to  USAMRDC  regarding  the  dose  of  these  anesthetic 
agents  for  use  for  induction  of  anesthesia  in  a  wounded  soldier  who  is  hypo¬ 
volemic,  and  whose  blood  volume  cannot  be  adequately  restored  prior  to  sur¬ 
gery. 

Statistical  Treatment  of  Data:  Responses  to  clamp  on  the  tail  were 
analyzed  statistically  using  the  method  of  Waud  (131).  In  addition,  the 
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maximum  dose  of  drug  which  failed  to  prevent  movement  in  each  individual 
animal  and  the  minimum  dose  of  drug  which  prevented  the  animal  from  moving  was 
averaged  for  each  animal.  This  average  for  the  four  animals  in  each  group 
were  compared  between  normovolemic  and  hypovolemic  states  by  using  student's 
t-test.  Differences  between  the  two  states  were  compared  for  the  two  drugs, 
using  student's  t-test. 
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4.  Determination  of  minimal  alveolar  anesthetic  concentration  (MAC)  of 
halothane  and  nitrous  oxide,  in  swine 

In  order  to  perform  study  ?/ 5  described  below  (comparison  of  cardiovascu¬ 
lar  sequelae  of  induction  of  anesthesia  with  nitrous  oxide  or  halothane,  in 
swine)  it  was  first  necessary  to  carefully  determine  equivalent  anesthetic 
concentration  of  these  agents  in  our  animal  model.  Although  MAC  has  been 
determined  for  man  and  many  laboratory  animals  for  both  nitrous  oxide  and 
halothane  (132),  it  has  not  been  previously  determined  in  swine.  MAC  for  the 
same  anesthetic  agent  differs  to  a  fair  extent  among  species  (L32)and  assump¬ 
tion  of  an  average  concentration  for  use  in  study  5  could  create  errors  suffi¬ 
ciently  large  to  invalidate  the  study.  We,  therefore,  determined  MAC  for 
nitrous  oxide  and  halothane  in  swine. 

Eight  young,  healthy  swine  (weight  24.7  +1.1  kg,  mean  +  S.E.;  age 
approximately  10  weeks)  were  anes the tized ,  in  random  order,  with  either 
halothane  in  30?:  oxygen,  balan  ■»  nitrogen,  or  with  halothane,  70?:  nitrous 
oxide  and  30?:  oxygen.  The  trachea  was  intubated,  and  the  animal  allowed  to 
breathe  spontaneously  while  in  the  lateral  decubitus  position.  Partial  pres¬ 
sures  of  oxygen,  carbon  dioxide,  nitrous  oxide,  and  halothane  were  measured 
coutinous ly  by  mass  spectrocopy  (Perkin-Elmer  model  MGA1100AB)  at  the  endotra¬ 
cheal  tube  orifice.  Rectal  temperature  was  measured  with  a  thermister  (Yellow 
Springs)  and  MAC  determined,  as  described  below.  The  anesthetic  was  then 
changed  by  either  the  addition  or  elimination  of  nitrous  oxide,  and  MAC  deter¬ 
mined  again.  When  nitrous  oxide  was  eliminated,  we  waited  until  its  end-tidal 
partial  pressure  fell  to  less  than  0.23  torr  before  continuing  experimenta¬ 
tion. 


MAC  was  determined  in  a  manner  similar  to  that  described  by  Eger  and 
Saidman  (133).  Briefly,  following  each  change  in  anesthetic  concentration, 
end-tidal  partial  pressure  was  held  constant  for  a  minimum  of  15  minutes.  A 
clamp  was  placed  on  the  tail  of  the  animal.  The  animal's  response  (movement 
or  no  movement)  to  the  stimulus  was  noted.  If  the  animal  moved,  anesthetic 
concentration  was  increased  by  approximately  5-10?:  of  its  concen  tra  ton.  If 
the  animal  did  not  move,  anesthetic  concentration  was  decreased  by  a  similar 
amount.  When  a  concentration  was  eventually  reached  for  which  the  animal's 
response  changed,  changes  in  anesthetic  concentration  were  diminished  so  that 
the  concentration  of  halothane  at  which  the  animal  moved  did  not  differ  by 
more  than  0.05?:  halothane  from  the  concentration  at  which  the  animal  did  not 
move . 


When  N2O  was  used,  its  end-tidal  concentration  was  held  constant  at  70?: 
(70.14  +  0.05?:,  mean  +  S.E.).  The  MAC  for  N2O  was  determined  by  difference, 
in  each  animal,  and  the  results  averaged.  To  determine  the  individual  MAC  for 
N2O,  the  concentration  of  N2O  was  multiplied  by  the  inverse  of  the  fraction  of 
a  MAC  for  halothane  which  the  N2O  contributed  for  each  animal: 


=  Vhu  -  M„ 


—  ) 
+N 


where  M^  is  the  MAC  for  nitrous  oxide,  in  ?: ;  M^  is  the  MAC  for  halothane,  in 
%»  is  the  MAC  for  halothane,  in  % ,  in  the  presence  of  nitrous  oxide  at  a 

concentration  of  .  in  this  manner,  MAC  was  determined  for  each  animal,  and 
the  results  averaged. 
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The  mass  spectrometer  was  calibrated  with  calibrated  tanks  of  halothane 
and  nitrous  oxide.  We  produced  the  halothane  standard  tank,  and  calibrated  it 
multiple  times  against  standards  made  by  vaporizing  a  measured  volume  of 
halothane  in  a  sealed  flask  of  known  volume.  The  calibration  tank  of  N’2<j  was 
commercially  produced  and  calibrated  (Liquid  Carbonics);  we  further  checked 
it  against  the  mass  spectrometer  calibrated  with  100%  N^O. 

Data  from  this  study  will  allow  us  to  use  the  appropriate  concentration 
of  anesthetic  agent  for  study  5. 
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5.  Evaluation  of  nitrous  oxide  for  induction  of  anesthesia  during  hypo¬ 
volemia  . 

The  purpose  of  this  experiment  is  to  test  the  hypothesis  that  nitrous 
oxide  does  not  offer  any  cardiovascular  or  metabolic  advantage  over  other 
anesthetic  agents  when  used  for  induction  of  anesthesia  during  hypovolemia. 

Because  the  data  from  study  #4  showed  the  minimal  alveolar  anesthetic 
concentration  of  nitrous  oxide  to  be  close  to  280%,  the  depth  of  anesthesia  in 
those  animals  given  nitrous  oxide  in  study  #1,  was  not  comparable  with  that  of 
other  groups.  Therefore,  the  following  experiment  will  be  performed.  The 
approach  is  the  same  as  for  study  If  1  described  in  this  report  (pages  13-15), 
exc.t-pt  tor  the  groups  of  anesthetic  agents: 

Group  I:  Nitrous  oxide,  70% 

Group  II:  Halothane,  0.31% 

these  concentrations  of  anesthetic  agents  are  equivalent,  i .  e .  25%  >JAC. 

The  data,  from  this  experiment  will  show  the  comparative  cardiovascular 
influence  of  nitrous  oxide  with  halothane  when  used  for  induction  of 
anesthesia  durig  significant  hypovolemia.  These  results  will  allow  us  to  pro¬ 
vide  recommenda t ions  to  USAMRDC  regarding  choice  of  anesthetic  agents  for 
induction  of  anesthesia  in  a  wounded  soldier  who  is  hypovolemic,  and  whose 
blood  volume  cannot  he  adequately  restored  prior  to  surgery.  Should  nitrous 
oxide  not  prove  to  have  any  advantage  over  other  anesthetic  agents,  it  will 
further  allow  us  to  recommend  that  USAMRDS  recommend  to  the  appropriate  agency 
that  it  consider  the  cessation  of  supplying  nitrous  oxide  to  battlefield 
facilities,  (supplying  N2O  to  battlefield  facilities  represents  a  large 
logistical  burden). 
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C.  Results: 


1 .  Awake  Hemorrhage : 

We  have  successfully  established  the  awake  hemorrhagic  swine  model  in  our 
laboratory.  Loss  of  30%  of  estimated  blood  volume  results  in  physiologic 
sequelae  similar  to  those  occurring  in  other  laboratory  animals  and  man.  See 
table  1,  page  54.  Thirty  percent  hemorrhage  causes  decreased  right-and  left¬ 
sided  filling  pressures  (right  atrial  and  pulmonary  arterial  wedge  pressures), 
resulting  in  a  38%  decrease  in  cardiac  output.  Despite  a  3  fo Id - increase  in 
plasma  renin  activity  and  a  doubling  of  plasma  catecholamine  concentration, 
resulting  in  increased  systemic  and  pulmonary  vascular  resistances,  compensa¬ 
tion  was  inadequate.  Mean  arterial  blood  pressure  fell  24%,  and  mean  pul¬ 
monary  arterial  pressure,  29%.  Total-body  oxygen  consumption  increased  sys¬ 
temic  and  hypoperfusion  was  evident  from  increased  blood  lactate  concentration 
and  base-deficit  (decreased  base-excess). 
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2.  Comparison  of  Ketamine ,  Thiopen ta 1 ,  Enf lurane ,  Halothane,  Nitrous  Oxide 
and  Iso f lurane  During  Induction  of  Anes  thedsia  During  Modera  te  Hypovolemia : 
The  experimentation;  biochemical,  enzymatic,  and  hormonal  assays;  and  data 
analyses  have  been  completed.  These  are  being  reported  in  an  abstract  (134) 
and  two  manuscripts  (see  addendum  B5,  and  appendices  1  and  2). 

a.  Induction  of  anesthesia  with  ketamine  or  thiopental  (see  table  2, 
pages  55-56). 


Control  Animals:  After  the  initial  changes  caused  by  hemorrhage,  no  variable 
further  changed  in  control  animals  during  the  hypovolemic  period. 

Five  Minutes  after  Induction:  Five  minutes  after  administration  of  ketamine 
(P  <  0.05) ,  but  not  thiopen  ta 1  (P  >  0.05),  plasma  epinephrine,  norepinephrine, 
and  renin  activity  had  increased.  Despite  these  differences  in  circulating 
vasoactive  agents,  ketamine  and  thiopental  produced  similar  changes  in  compen¬ 
satory  cardiovascular  responses  to  hemorrhage.  Systemic  vascular  resistance 
was  less  in  Groups  K  and  T  than  in  Group  C.  Neither  agent  changed  right-  or 
left-sided  cardiac  filling  pressures.  Although  ketamine  and  thiopental  signi¬ 
ficantly  decreased  heart  rate,  the  resulting  rates  did  not  differ  signifi¬ 
cantly  from  the  rate  for  Group  C.  Although  only  ketamine  decreased  stroke 
volume  (0.95+0.12  to  0.70+0.10  ml/kg,  P<0.005),  the  resulting  values  did  not 
differ  among  groups.  Cardiac  output  decreased  similarly  in  Groups  K  and  T  to 
values  less  than  that  for  Group  C.  As  a  result,  mean  systemic  blood  pressures 
did  not  differ  between  Groups  K  and  T;  however,  both  groups  had  pressures  that 
were  less  than  those  for  Group  C.  Oxygen  consumption  did  not  differ  among  the 
groups,  but  whole-blood  lactate  concentrations  increased  similarly  in  Groups  K 
and  T. 

Thirty  Minutes  after  Induction:  Thirty  minutes  after  induction,  most 
values  had  recovered  towards  preanesthetic  levels  during  hypovolemia;  however, 
significant  differences  remained.  Plasma  epinephrine  concentration  was  still 
greater  in  Group  K  than  in  Groups  C  and  T  (which  were  not  different  from  each 
other).  Although  plasma  norepinephrine  concentration  was  greater  in  Group  K 
than  in  Group  T,  these  two  groups  did  not  differ  from  Group  C.  Plasma  renin 
activity  was  greater  in  Group  K  than  in  Group  T,  but  the  activity  in  these 

groups  was  not  different  from  Group  C.  For  Groups  K  and  T,  SVR  did  not  differ 

from  each  other,  but  was  less  than  that  for  Group  C. 

Right-  and  left-sided  cardiac  filling  pressures  and  heart  rate  remained 

similar,  and  cardiac  output  no  longer  differed  among  groups.  Also,  the  resul¬ 
tant  mean  systemic  arterial  pressure  was  similar  for  Groups  T  and  K;  both  were 
less  than  that  for  Group  C. 

Oxygen  consumption  did  not  differ  among  groups,  but  whole-blood  lactate 
concentration  continued  to  increase  and  base-excess  continued  to  decrease  sig¬ 
nificantly  only  in  Group  K  (P  <  0.05). 

Return  of  Shed  Blood:  Thirty  minutes  after  return  of  shed  blood,  cardiac 
output  was  greater  in  Group  K  than  in  Groups  C  or  T.  Blood  lactate  was  still 
greater  in  Group  K  than  in  either  Group  T  or  C.  There  were  no  other  signifi¬ 
cant  differences  among  groups. 

Ninety  minutes  after  return  of  shed  blood, 
differences  among  groups  for  any  variable. 


there  were  no  significant 
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All  animals  survived  24  hours,  at  which  time  they  were  killed. 

b.  Induction  of  anesthesia  with  enflurane,  halothane,  and  isoflurane 
'  (see  table  3,  p  57). 

There  were  no  differences  among  the  four  groups  in  the  normovolemic  or  in 
the  hypovolemic  condition.  Hemorrhage  caused  the  expected  cardiovascular  and 
metabolic  effects.  Right-  and  left-sided  cardiac  filling  pressures  decreased 
and  although  plasma  renin  activity,  plasma  concentrations  of  norepinephrine 
and  epinephrine,  heart  rate,  and  systemic  vascular  resistance  increased, 
stroke  volume,  cardiac  output,  and  systemic  arterial  blood  pressure  decreased, 
i  In  addition,  base-excess  decreased  and  whole-blood  lactate  concentration 

increased.  Hematocrit  decreased  from  36%  to  31%. 

Halothane,  enflurane,  and  isoflurane  caused  similar  cardiovascular  and 
metabolic  effects  when  given  to  induce  anesthesia  during  hypovolemia;  all  were 
|  different  from  control  animals  whose  values  remained  unchanged  during  the  com¬ 

parable  time  period  (see  table  3,  pages  57).  Induction  of  anesthesia  caused  a 
significant  reduction  in  cardiac  output  and  systemic  vascular  resistance,  thus 
causing  a  profound  decrease  in  mean  systemic  blood  pressure.  Administration 
of  all  anesthetics  resulted  in  increased  blood  lactate.  Oxygen  consumption 
did  not  change.  Plasma  renin  activity  increased  but  plasma  catecholamines  did 
not  change.  Thirty  minutes  after  induction  of  anesthesia  (anesthetic  held 
constant  at  the  above  concentrations)  cardiac  output  had  increased,  therefore 
causing  an  increase  in  mean  systemic  blood  pressure;  systemic  vascular  resis¬ 
tance,  cardiac  filling  pressures,  and  heart  rate  did  not  change  appreciably. 


3.  Swine  blood  acid-base  chemistry: 

The  mean  acid-base  curve  nomogram  for  swine  blood  is  depicted  in  Fig.  5, 
p  59-  the  data  are  presented  in  Table  A,  p  58.  We  compared  our  curve  nomogram 
for  swine  blood  with  that  of  Siggaard-Andersen  (168)  for  human  blood,  and  with 
that  of  Scott  Emuakpor  (161)  for  canine  blood  (Fig.  6,  p  60).  The  alignment 
nomogram  is  shown  in  Fig.  7. 
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4.  Determination  of  anesthetic  dose  of  ketamine  or  thiopental,  in  hypo¬ 
volemic  swine. 

This  study  has  been  completed  and  will  be  reported  in  a  manuscript,  to  be 
prepared. 

Hypovolemia  in  swine  reduced  the  minimum  anesthetic  dose  for  both 
thiopental  (P  <  0.025)  and  ketamine  (P  <  0.01);  (see  table,  page  62).  These 
reductions  (thiopental  33%  +  5%;  ketamine,  40%  +  5%)  were  not  statistically 
different  (P  >  0.2)  from  each  other.  After  hemorrhage  and  before  drug 
administration,  mean  (+  SE)  arterial  blood  gas  values  were  as  follows:  P0  , 
177.8  +  20.1  torr;  PCO2,  41.9  ±  1.5  torr;  and  pH,  7.323  ±  0.11.  Mean  (±  SE) 
arterial  blood  pressure  was  92+3  torr  after  hemorrhage,  69+9  torr  after 
administration  of  ketamine,  and  68+7  torr  after  administration  of  thiopen- 
ta  1 . 
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5.  Determination  of  minimal  alveolar  anesthetic  concentration  (MAC>  of 
halothane  and  nitrous  oxide  in  swine. 

This  study  has  just  been  completed.  We  will  begin  preparation  of  a 
manusc  rip t. 

MAC  for  halothane  in  normovolemic  swine  was  determined  to  be  1.25  +  0.04% 
(mean  +  S.E.;  range:  1.08  -  1.47%).  MAC  for  N^O  was  determined  to  be  277  + 
1S%  Uean  +  S.E.;  range:  204  -  361%). 

Temperature  of  the  animals  was  37.7  +  0.2°C;  hematocrit  was  35  +  0.7%. 
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D»  Discussion: 


1 .  Hemorrhage  mode  1 : 

The  swine  is  an  excellent  animal  for  laboratory  investigations  involving 
hemorrhage.  Swine  are  more  readily  available  than  dogs,  and  in  more  uniform 
si2e.  Their  cardiovascular  physiology  more  closely  resembles  that  of  man  than 
does  the  dog. 

Our  animals  are  undoubtedly  not  "at  rest"  as  are  those  of  Hannon  (104- 
105).  However,  it  is  necessary  to  ventilate  the  awake  normovolemic  animals  in 
order  to  conduct  valid  comparison  of  that  state  with  the  state  following 
induction  of  anesthesia.  Nevertheless,  the  awake  normovolemic  values  for  our 
swine  appear  to  fall  within  the  broad  range  of  values  reported  by  others  for 
unanesthetized  swine  (104-LLQ,  L30).  Hannon  (104)  has  discussed  the  possible 
reasons  for  data  variability  in  the  literature,  and  those  need  not  be  repeated 
here. 
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2.  Comparison  of  ketamine,  thiopen ta I ,  enf lurane ,  ha lo  thane ,  and  isof I u - 
rane  for  induction  of  anesthesia  during  mode ra  te  hypovolemia . 

a.  Ketamine  and  thiopental. 

The  cardiovascular  effects  produced  by  induction  of  anesthesia  with 
ketamine  during  hypovolemia  differ  from  those  seen  during  normovolemia.  Heart 
rate,  mean  systemic  blood  pressure,  and^gaggig^  ^ytput  in^jegge^yh^g  ketamine 
is  administered  to  normovolemic  animals  *  *  *  or  man  *  *  *  .  In  con¬ 

trast,  these  variables  decrease  during  hypovolemia.  In  our  study  ketamine  and 
thiopental  produced  identical  cardiovascular  changes  initially.  Although 
these  two  anesthetics  affected  plasma  catecholamine  concentrations  and  renin 
activity  differently,  both  caused  similar  deterioration  of  the  animal's  com¬ 
pensation  for  hemorrhage,  and  decreased  SVR,  cardiac  output,  and  BPa.  Thirty 
minutes  after  induction,  hypovolemic  animals  who  had  received  ketamine  for 
induction  became  progressively  more  acidotic,  while  those  who  had  received 
thiopental  or  no  anesthetic  did  not.  Administration  of  ketamine  further 
increased  circulating  catecholamine  concentrations  above  the  already  elevated 
levels  caused  by  the  sympathetic  response  to  hypovolemia.  Thus,  one  portion 
of  our  hypothesis  was  not  supported.  In  swine,  the  sympathetic  response  to 
30%  hemorrhage  was  not  maximal;  further  sympathetic  response  was  possible. 

The  concomitant  increase  in  plasma  renin  activity  after  adming^  t  jrg  ti 
ketamine  may  be  a  funct^n  of  increased  sympathetic  activity,  1  *  other 

circulating  substances,  or  a  separate  action  of  ketamine.  The  progressive 
lactic  acidosis  30  min  after  induction,  seen  only  in  the  ketamine  group,  may 
be  a  result  of  increased  oxygen  demand  caused  by  increased  sympathetic 
activity  without  concomitantly  increased  blood  flow,  or  decreased  hepatic 
uptake  of  lactate,  or  both. 

In  intact  experimental  animals,  it  is  not  certain  which  measure  best 
reflects  inadequac^of  tissue  perfusion.  Huckabee  proposed  blood  “excess  lac¬ 
tate"  as  a  measure  later  Cain  demons  tra  ted  ^J^ood  lactate  concentration 

to  be  at  least  as  good1  ,  if  not  a  better  measure  of  oxygen  deficit.  Pre¬ 
viously,  we  have  shown  in  asple.nic  dogs,  bled  while  anesthetized,  that  blood 
lactate  concentration  and  base-deficit  developed  to  a  greater  extent  when  they 
were^nes  the  t  i  zed  with  ketamine  than  with  halothane,  enflurane,  or  isoflu- 
ranc  .  Conversely,  longnecker  et_  a_l .  have  reported  higher  excess  lactate  in 
rats  bled  whi me s the t i zed  with  halothane  than  similar  rats  anesthetized 
with  ketamine  .  However,  we  have  calculated  that  those  rats  anesthetized 
with  ketamine  had  a  greater  base-deficit  (approxima te  ly  11  mmol/l)  than  those 
anesth|£jzed  with  halothane  (approximately  2.5  mmol/l).  Recently,  Longnecker 
e_t  a_l_.  reported  higher  PO^  in  cremaster  muscle  of  rats  bled  while  anesthe¬ 
tized  with  ketamine  than  in  rats  bled  while  anesthetized  with  halothane.  How¬ 
ever,  since  arterial  blood  gases  were  not  measured,  and  ail  animals  breathed 
room  air  spontaneously,  it  is  not  possible  to  determine  whether  the  tissue  Po^ 
differences  were  related  to  perfusion  or  arterial  oxygen  tension,  or  both, 
furthermore,  since  compensatory  events  in  response  to  hemorrhage  differ  among 
tissues,  these  measurements  do  not  necessarily  reflect  conditions  in  other 
organs . 

In  these  experiments,  despite  the  increase  in  ca  teciio  lamine  concentra¬ 
tions  and  renin  activity,  SVR,  BPa,  and  cardiac  output  decreased.  This 
failure  of  massively  increased  levels  of  circulating  ca techo lamines  to  main¬ 
tain  BPa,  SVR,  and  cardiac  output  implies  that  ketamine  has  a  powerful 
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opposing  depressant  effect,  or  that  the  maximal  response  to  stimulation  had 
achieve^.  Ketamine  has  been  shown  to  be  a  direct  myocardial  dejj 
,  *  *  ’  not  to  cause  contraction  of  rabbit  aor  ti^^  trips , 

relax  phenylephrine-induced  contrac^gd  rabbit  aortic  strips1  .  ^jmilarly, 
thiopental  depresses  the  myocardium  and  peripheral  vasculature.  In  our 
experiments,  both  anesthetics  decreased  SVR.  The  fall  in  stroke  volume  index 
at  a  time  when  left  ventricular  preload  increased,  seen  after  administration 
of  ketamine,  tends  to  indicate  myocardial  depression.  However,  since  heart 
rate,  afterload,  and  myocardial  compliance  were  not  controlled,  no  conclusion 
can  be  drawn.  Alternatively,  the  increase  in  circulating  catecholamines  in 
the  animals  given  ketamine  could  have  been  a  response  to  the  hypotension  pro¬ 
duced  by  the  drug.  This  would  imply  that  thiopental  blocked  a  similar 
response.  Our  experimental  data  can  not  differentiate  between  these  proposed 
mechanisms.  Nevertheless,  our  data  do  support  the  second  part  of  our 
hypothesis:  that  further  sympathetic  stimulation  during  induction  of 

anesthesia  during  hypovolemia  is  not  beneficial.  Several  aspects  of  our  metho¬ 
dology  should  be  discussed.  Our  animals  were  not  "trained";  therefore,  data 
obtained  in  the  absence  of  anesthesia,  with  the  animals'’  tracheas  intubated 
and  the  animals  mechanically  ventilated,  may  not  be  equivalent  to  data  for 
"resting"  animals.  Nevertheless,  cardiovascular  data  we  obtained  for  the 

pifo§taf!  fall  wjthin  the  range  of  values  reported  by 
3  *  *  Furthermore,  hypovolemic  and/or  trau¬ 

matized  humans  are  not  in  a  "resting"  state.  The  few  limited  reports  of 

rterial  blood  pressure  response 
jse  detailed  cardiovascular 
response  of  unmedicated  swine  to  hemorrhage  has  not  been  reported,  we  cannot 
compare  some  of  our  results  with  those  of  other  investigators.  Hemorrhage 
produced  changes  similar  to  those  we  have  observed  in  a  larger  group  of  simi¬ 
lar  swine  (Weiskopf  RB,  Bogetz  MS:  see  table  1,  p  54).  All  cardiovascular  and 
metabolic  responses  to  hemorrhage  in  our  swine  are  consistent  with  what  is 
known  for  man.  Although  the  dog  has  been  the  species  most  frequently  used  to 
study  hemorrhage , ^ffs ^j^sponse  and  that  of  the  rat  differ  in  important  ways 
from  that  of  man.  *  In  these  species,  contraction  of  the  hepatic 

sphiij££e£^auses  splanchnic  engorgement  and  a  number  of  sequelae  not  seen  in 
man.  *  The  respon^j*  of  the  gastrointestinal  tract  of  swine  in  shock 
resembles  that  of  man.  Because  we  did  not  conduct  a  dose-response  study,  we 
cannot  address  the  question  of  whether  other  doses  of  ketamine  or  thiopental 


unmedicated,  normovo  j.grpi^ 
other  investigators. 


hemorrhage  in  unmedicated  swine  have  shown  an  art 
similar  to  that  of  our  animals.  ’  *  Becaus 


prod 

uced 

different  effects  du 

ring  hypovol 

emi 

a.  However, 

the 

s  the 

tic  d 

ose 

required  during 

normovolemia 

wa 

s  determined 

for  both 

ind  i 

vidua 

lly 

for  each  animal. 

This  dose 

was 

then  reduce 

d  in  acco 

our 

f  ind  i 

ngs 

that  hypovolemia 

similarly  r 

edu 

ces  the  anes 

the  tic 

for 

thio 

pen 

ta  I  and  ketamine. 

Smaller  do 

ses 

would  not  have  been 

and 

o  the 

r  c. 

ardiovascular  res 

ponses  could 

ha 

ve  occurred. 

Our  dat. 

do  not  demonstrate  a  beneficial  effect  from  using  ketamine  during  hypovolemia. 
Studies  reporting  satisfactory  use  of  ketamine  for  patients  in  "hemorrhagic 
shock"  have  had  some  shortcomings:  the  concomitant  use  of  other  drugs;  and/or 
the  failure  to  substantiate  major  blood  volume  deficit,  to  indicate  the  dose 
of  ketamine  administered,  or  to  document  cardiovascular  responses  at  specific 
time  intervals.  The  literature  concerning  the  use  of  thiopental  for 

Induction  of  anesthesia  during  hypovolemia  is  also  anecdotal.  In  World  War 
II,  the  drug  was  used  in  doses  of  at  least  500  to  1,000  mg.  Patients  breathed 
spontaneously;  and  in  many  cases,  inspired  oxygen  concentration  was  21%.  It 
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is  not  surprising  that  the  resuLt  was  sometimes  catastrophic.  Ketamine  was 
introduced  30  yea  rs  later,  after  use  of  con  trolled  ven  t i lation  and  high 
inspired  coucentra tions  of  oxygen  had  become  routine,  and  after  anesthesiolo¬ 
gists  had  become  more  skilled  at  recognizing  and  treating  hypovolemia.  These 
improvements  alone  would  have  improved  outcome.  If  anesthesia  must  be  induced 
in  a  hypovolemic  patient,  ketamine  0.5  mg/kg  iv  is  often  administered.  Some¬ 
times  the  result  is  satisfactory;  sometimes  severe  cardiovascular  depression 
results.  Because  many  other  events  occur  almost  s imu  1  taneous ly  (endotracheal 
intubation,  posi tive -pressure  ventilation,  skin  incision  and  rapid  initiation 
of  surgery,  continued  fluid  infusion),  the  outcome  does  not  reflect  the 
effects  of  the  anesthetic  agent  alone.  Our  data  indicate  that  moderate  hypo¬ 
volemia  does  not  produce  a  maximal  increase  in  circulating  catecholamines. 
Administration  of  ketamine,  but  not  thiopental,  causes  a  further  increase. 
However,  the  increased  plasma  concentrations  do  not  further  stimulate  the  cir¬ 
culation,  either  because  they  are  above  the  maximal  possible  effective  concen¬ 
trations,  or  because  their  effect  is  overwhelmed  by  the  depressant  qualities 
of  ketamine,  or  both.  Administering  ketamine  for  induction  of  anesthesia  dur- 
ing  hypovolemia  did  not  offer  any  advantages  over  thiopental  when  both  were 
used  at  the  minimal  anesthetic  dose.  The  clinician  should  note  that  an 
anesthetic  agent  is  not  a  substitute  for  adequate  restoration  of  blood  volume 
and  venous  return;  and  when  an  anesthetic  must  be  administered  during  signifi¬ 
cant  hypovolemia,  ca rd iovascu la r  depression  should  be  expected. 
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b.  tntlurane,  liulotb.ar.t-,  and  isoflurane. 

A  desirable  property  or  any  anesthetic  agent  used  in  the  presence  of 
hypovolemia  would  Le  to  have  minimal  effect  on  the  compensatory  mechanisms  for 
hemorrhage.  buring  normovolemia,  in  healthy  volunteers,  halo  thane  tends  to 
maintain  systemic  vascular  resistance  (.5,6;  and  isoflurane  tends  to  maintain 
cardiac  output  (  la,  151.  The relore,  one  might  have  thought  that  these  agents 
could  be  used  preferentially  in  the  presence  of  hypovolemia.  We  have  found 
that  halo  thane,  enflurane,  and  isoflurane  cause  similar  deterioration  of  car¬ 
diovascular  compensation  for  hemorrhage  when  used  to  induce  anesthesia  during 
hypovolemia.  The  administration  of  even  a  reduced  dose  of  these  anesthetics 
(.O.h  MAC;  caused  a  profound  decrease  in  cardiac  output,  systemic  vascular 
resistance,  and  therefore,  mean  systemic  blood  pressure.  The  decrease  in 
stroke  volume,  without  a  change  in  heart  rate  or  filling  pressures  implies 
myocardial  depression,  although  afterload  and  myocardial  compliance  were  not 
controlled.  In  addition,  the  anesthetics  prevented  a  reflex  increase  in  heart 
rate  anu  an  increase  in  plasma  catecholamines. 

Although,  the  greatest  blood  lactate  concentrations  were  seen  with  enflu¬ 
rane,  implying  the  greatest  mismatching  of  oxygen  supply  and  demand,  the  mag¬ 
nitude  ot  the  lactate  concentrations  implies  a  reduction  in  oxygen  demand 
caused  by  ail  three  agents.  Similarly,  we  have  found  tha  t  halothane  and  iso- 
fiurane,  but  not  enflurane,  reduced  oxygen  demand  more  than  supply  in  dogs 
bled  during  halothane,  enflurane,  or  isoflurane  anesthesia  (o 2), 
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3.  Swine  blood  acid-base  chemistry. 

Our  mean  curve  and  alignment  nomograms  for  swine  blood  are  different  from 
nomograms  for  human  blood  (168,174)  and  canine  blood  (161)  (Fig.  6).  As  a 
technical  check,  we  performed  similar  but  limited  experiments  with  blood  of 
two  human  volunteers.  The  resultant  limited  nomograms  (30  data  points,  at 
hemoglobin  concentrations  of  3,  10,  and  15  g/dl)  were  similar  to  that  of 
Siggaard-Andersen  (174)  between  base  excess  of  -10  and  +10  mmol/1  (P>0.5),  but 
different  from  our  swine  nomogram  (P<0.001).  To  compare  the  swine  alignment 
nomogram  with  that  drawn  by  S iggaard-Andersen  for  human  blood  (174),  we  plot¬ 
ted  our  data  of  known  pH,  Pqq^,  hemoglobin  concentration  and  base  excess  on 
the  Siggaard-Andersen  alignment  nomogram  as  if  we  were  unaware  of  the  true 
base-excess  value.  The  base-excess  values  determined  from  the  Siggaard- 
Andersen  nomogram  were  compared  with  the  true  BE  values.  The  resultant 
estimated  base  excesses  differed  (P<0.001)  from  the  known  base  excess  of  all 
blood  samples  at  all  concentrations  of  hemoglobin  and  base  excess,  except  at  a 
BE  of  zero,  for  which  the  results  are  def ini tiona  I  ly  identical.  In  nearly  all 
cases,  however,  the  calculated  value  was  within  +  10%  of  the  true  value. 

There  are  several  possible  explanations  for  the  differences  between  our 
nomogram  and  that  of  Siggaard-Andersen.  Neither  set  of  data  is  based  on  the 
blood  of  a  large  population:  Siggaard-Andersen  used  the  blood  of  four  peopLe, 
we  used  four  swine.  However,  in  our  experiments,  individual  variation  did  not 
appear  to  be  an  important  problem. 

Some  of  the  observed  differences  may  relate  to  differences  in 
species.  Scott  Emuakpor  et  al.  (161)  described  a  curve  nomogram  for  canine 
blood  which  differed  from  S iggaa rd- Ande r sen' s  curve  nomogram  for  human  blood. 
The  buffer  value  of  plasma  proteins  and  hemoglobin  can  vary  among  mammalian 
species  (175,17b),  and  this  may  account  for  some,  but  not  all  (177),  of  the 
differences  among  the  nomograms.  Measured  total  protein  of  our  swine  blood 
(7.2  +  0.3  g/dl)  was  simiLar  to  the  normal  value  for  man. 

To  create  blood  samples  of  altered  base  excess,  we  avoided  important 
dilution  of  plasma  proteins  by  adding  small  amounts  of  relatively  concentrated 
(0. 2-0.8  N)  acid  or  base.  We  thereby  produced  some  alterations  in  ionic 
strength  of  blood,  which  may  account  for  some  of  the  differences  between  our 
nomograms  for  swine  blood  and  those  of  Siggaa rd-Ande rsen  for  human  blood  (168, 
174).  However,  our  curve  nomogram  for  swine  blood  differs  even  more  from  the 
original  curve  nomogram  of  Siggaard-Andersen  and  Engel  for  human  blood  (169), 
for  which  the  identical  method  of  addition  of  acid  or  base  was  used. 

To  construct  the  nomograms,  we  followed  the  general  methodology  of 
Siggaard-Andersen.  However,  the  two  methodologies  differ  in  several  important 
ways . 

We  used  a  method  different  from  that  of  Si  ggaa  rd-Andersen  to  ’’shift"  the 
original  data  in  order  to  "normalize"  the  drawn  blood  to  the  established 
definition  of  BE  =  0,  pH  7.400,  Pqq^  ^0*0  torr.  Siggaard-Andersen  accom¬ 
plished  the  following  tasks  graphically,  fitting  the  curve  and  selecting  the 
points  by  eye  (18):  a)  curve- f i t ting  the  two  constant  CO2  titration  curve 
plots  (pH  vs.  acid  or  base  added)  at  each  concentration  of  Hb;  b)  estimating 
similar  data  for  ^0  torr,  assuming  a  linear  relationship  between  log 

and  pH,  folLowed  by  curve- f i t ting  of  the  PCO2  ^  torr  data  as  in  a);  c) 
estimating  the  axis  shift  (acid  or  base  added)  to  align  the  torr  data 
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so  that  at  a  pH  of  7.400,  base  excess  was  set  equal  to  zero;  d)  estimating 
from  the  hand-drawn  iso-P^Q^  curves,  the  pH  at  pre-selected  levels  of  base 
excess.  An  example  of  this  graphic  process,  using  data  from  one  of  our  swine, 
is  shown  in  Fig.  4.  We  accomplished  all  of  the  above  with  a  computer,  the 
resulting  curve-fit  equations  describing  the  data  with  an  accuracy  of  more 
than  99.95%. 

To  draw  the  base  excess  grid,  S iggaa rd-Ande rsen  used  his  previously 
developed  pH- log  p£Q?  curve  nomogram  for  one  set  of  blood  pH  and  PqO;  values, 
and  an  empirical  relationship  between  buffer  base,  hemoglobin  concentration 
and  base  excess  to  estimate  the  required  second  pair  of  blood  pH  and 
values.  Because  of  our  uncertainties  regarding  the  specificity  of  the  prl-log 
PcO'i  curve  nomogram  and  the  empirical  relationship  described  above,  we  chose 
to  use  our  original  data  and  the  computer-generated  curve-fits  to  that  data  to 
determine  the  base-excess  grid. 

To  generate  the  continuous  isohemoglobin  lines  of  the  base-excess  grid 
from  the  original  data,  we  deve loped  computerized  empirical  mathematical  equa¬ 
tions  that  were  pLotted  by  computer.  Siggaard-Andersen  used  points  determined 
graphically  to  draw  curves  by  hand.  Although  we  have  not  examined  systemati¬ 
cally  the  differences  between  the  two  techniques,  we  did  note  before  comple¬ 
tion  of  the  computer  programs  that  seemingly  small,  unimportant  interpretive 
differences  that  occurred  when  drawing  curves  by  hand  through  the  original 
data  created  relatively  large  differences  in  the  estimated  amount  required  to 
shift  the  "ac id-or-base-added"  axis.  These  differences  created  relatively 
largo  differences  in  the  alignment  nomogram. 

Another  difference  between  S iggaa rd-Ande rsen' s  nomogram  and  our  own  is 
the  temperature  at  which  tonometry  and  measurement  of  pH  were  performed. 

S iggaa rd-Ande rsen's  experiments  were  performed  at  38°C;  ours  were  performed  at 
38.o°C  (normal  body  temperature  for  swine).  Siggaard-Andersen  correctly 
stated  that  measurements  performed  at  temperatures  within  +  2°C  of  38°C  (the 
standard  temperature  of  his  nomogram)  are  "without  any  practically  significant 
error"  (2i).  We  tempera ture-correc ted  some  of  our  pH  and  P^q^  data  fron 
38.8  C  to  38.0  C,  and  then  estimated  base  excess  from  our  nomogram.  All  esti¬ 
mates  were  within  +  0.1  mmol/1  of  the  true  value.  Similarly,  using  esta¬ 
blished  data  for  pK'  solubility  of  CO2  in  plasma  (178),  we  determined  that 
change  in  calculated  plasma  HCO3"  between  38.0  C  and  38. S°C  was  less  than  0.1 
mmol/ 1 . 

Finally,  there  are  differences  in  the  methodology  of  measuring  pH,  the 
major  variable  upon  which  these  nomograms  rest.  As  a  result  of  advances  in 
design  and  construction  of  pH  electrode  (122)  and  amplifier  (179),  our  deter¬ 
minations  of  pH  probabLy  had  less  variability  (0.001  +  0.001  pH  units,  SD) 
than  did  the  measurements  of  Siggaard-Andersen.  Variations  in  the  measurement 
of  pH  that  are  usually  considered  minor  ( e. g. ,  0.003  pH  units)  result  in 
surprisingly  large  differences  in  the  final  nomogram,  because  relatively  small 
changes  in  the  slope  of  nearly  parallel  lines  greatly  alters  their  point  of 
intersection.  Small  variations  in  pH  create  the  largest  changes  in  the  nomo¬ 
gram  in  the  base-excess  range  of  +10  to  +25  mEq/1:  the  range  in  which  our 
nomogram  differs  most  from  that  of  Siggaard-Andersen. 
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4.  Determination  of  anesthetic  dose  of  ketamine  or  thiopental,  in  hypo¬ 
volemic  swine. 

Moderate  hemorrhage  ( 30%  blood  loss)  produced  similar  reductions  in  the 
anesthetic  requirement  of  these  two  different  intravenous  anesthetic  agents. 

Many  variables  affect  the  amount  of  drug  required  to  produce 
anesthesia.  We  were  not  able  to  study  all,  or  even  most,  of  these  variables 
because  of  limitations  imposed  by  our  experimental  design,  which  was  selected 
to  give  the  best  answer  to  the  question  posed  (does  hypovolemia  reduce 
anesthetic  requirement  for  induction  agents,  and  if  so,  does  the  reduction 
differ  for  different  drugs?)  Consequently,  we  have  limited  physiological 
information  from  these  animals  to  complement  the  finding  of  reduced  anesthetic 
req  u i remen  t . 


We  do  have,  however,  a  good  deal  of  information  about  other  swine  whose 
blood  volume  were  similarly  reduced  (see  table  1,  page  54).  Variables  in 
these  animals  were  measured  during  normovolemia  and  after  30%  blood  loss. 

Mean  values  (  +  SE)  decreased  for  arterial  blood  pressure  (from  130  +  2  torr  to 
98+3  torr)  for  cardiac  output  (from  174  +  5  ml/min/kg  to  113  +  6  ol/min/kg), 
and  for  base-excess  (from  5.3  +  0.3  mmol/1  to  3.1  +  0.3  mmol/1);  and  increased 
for  blood  lactate  concentration  (from  1.1  +  0.1  mmol/1  to  1.8  +  0.1  mmol/1). 
When  half  of  the  drug  dose  which  produced  anesthesia  during  normovolemia  was 
administered  to  these  animals  during  hypovolemia,  further  reductions  occurred 
in  cardiac  output  (to  76.9  +  5.1  ml/min/kg  after  ketamine,  and  to  74.0  +  5.9 
ml/min/kg  after  thiopental),  and  in  mean  arterial  biood  pressure  (to  41.4  + 

3.5  torr  after  ketamine,  and  to  52.1  +  7.8  torr  after  thiopental),  and  in 
base-excess.  Blood  lactate  concen tra t i on  increased  even  further.  These  mean 
arterial  blood  pressures  are  just  below  the  level  at  which  autoregulation  is 
able  to  maintain  normal  cerebral  biood  flow.  Thus,  some  of  the  decreased 
anesthetic  requirement  seen  in  these  animals  could  have  been  a  result  of 
decreased  cerebral  blood  flow.  However,  the  animals  in  the  present  study  had 
lesser  decreases  in  blood  pressure.  Nor  did  they  exhibit  sufficient  acidosis, 
hypercarbia,  or  decreased  calculated  oxygen  content  to  account  for  a  reduction 
of  anesthetic  requirement  during  hypovolemia. 


We  did  not  measure  cerebral  blood  flow,  and  thus,  cannot  relate  it  to 
anesthetic  requirement  of  these  agents.  However,  since  specific  anesthetic 
site(s)  of  action  are  not  known,  knowledge  of  global  cerebral  blood  flow  would 
be  of  limited  value.  Knowledge  of  regional  or  mic roreg i ona 1  (if  we  knew  which 
microregion)  blood  flow  would  be  more  helpful.  Cullen  and  Eger  related 
decrease  in  MAC  to  decreased  oxygen  deliver^^o  the  brain,  either  from 
decreased  Pa02  or  severe  isovolemic  anemia  A  decrease  in  MAC  correlates 

well  with  the  occurrence  of  central  acidosis  .  Tanifuji  and  Eger  found  a 
20%  decrease  in  MAC  for  halothane  in  dogs  made  hypotensive  to  an  arterial 
blood  pressure  of  40-50  torr  by  a  combination  of  tr  iine  thaph^g^  inf  us  ion ,  hea^-^ 
up  tilt,  and  mild  hemorrhage  (approximately  12%  blood  loss)  .  Rao  et  al 
noted  a  decreased  MAC  for  halothane  in  dogs  made  hypotensive  by  administration 
of  pentolinium,  trime thaphan ,  or  ni tropruss  ide ,  but  stated  that  they  did  not 
find  a  correction  between  decreased  MAC  and  decreased  carotid  blood  flow.  In 
their  experiments,  mean  arterial  blood  pressure  did  not  fall  below  60  mmHg,  a 
level  above  that  which  autoregulation  can  no  longer  maintain  cerebral  blood 
flow.  MAC  howeve r ,  decreased  during  the  administration  of  all  three  drugs; 
carotid  blood  flow  did  decrease  significantly  in  the  dogs  given  two  of  the 
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drugs,  but  the  large  variability  prevented  achievement  of  statistical  signifi¬ 
cance  for  those  in  the  third  group.  Furthermore,  in  the  dog,  carotid  blood 
flow  is  not'a  good  indication  of  total  cerebral  blood  flow.  Thus,  the  litera¬ 
ture  does  not  contain  a  definitive  study  relating  anesthetic  requirement  to 
cerebral  blood  flow. 

80 

Hemorrhage  increases  sympathetic  activity  and  circulating  catecholam¬ 
ines  in  swine  (see  table  1,  page  54).  Since  an  increase  in  sympathetic 
activity  increases  anesthetic  requirement,  it  is  possible  that  anesthetic 
requirement  would  be  reduced  further  when  the  sympathetic  response  to  hemor¬ 
rhage  is  not  possible  or  is  blocked. 

Our  studies  were  performed  with  injectible  agents  and  not  inhalation 
agents.  Thus,  it  is  possible  that  some,  or  even  all  of  the  reduction  in 
anesthetic  requirement  we  observed  after  hypovolemia  was  due  to  a  higher  con¬ 
centration  of  the  drug  in  the  blood  and  brain  owing  to  a  reduced  volume  of 
distribution.  Changes  in  concentration  of  the  drug  at  the  site  of  action 
would  depend  upon  alterations  gf  blood  flow  to  that  site  relative  to  differ¬ 
ences  in  blood  concentration. 

Price^^  predicted  that  following  a  single  intravenous  injection  of 
thiopental,  its  concentration  in  the  central  nervous  system  would  be  higher 
after  hemorrhage  sufficient  to  reduce  cardiac  output  by  40%,  but  insufficient 
to  alter  cerebral  blood  flow,  than  after  a  similar  injection  during  normo¬ 
volemia.  This  mathematical  model  assumed  that  thiopental  does  not  alter  tis¬ 
sue  blood  flow.  However,  this  is  not  true  during  hypovolemia.  From  Price's 
figure  one  would  estimate  that  the  hypovolemic  condition  he  assumed  would 
reduce  the  necessary  dose  of  thiopental  by  approximately  one-third.  Our  find¬ 
ing  of  a  33  +  5%  reduction  in  dose  of  thiopental  is  in  accord  with  this, 
although  in  the  other  series  of  hemor  j-jjgged  swine  in  which  we  did  measure  car¬ 
diac  output,  it  fell  by  35%.  Bergman  ,  in  hemorrhaged  dogs,  found  a 
decreased  plasma  concentration  of  thiopental  5-90  minutes  after  injection  over 
a  2  minute  period.  Thiopental,  however,  disappears  very  rapidly  from  plasma 
and  richly  perfused  organs,  such  as  brain.  Five  minutes  after  its  administra¬ 
tion,  the  concentrations  of  drug  in  the  central  pool  and  in  the  rapidly  per¬ 
fused  ^j^cera  are  less  than  10%  and  50%  of  their  respective  peak  concentra¬ 
tions;  and  60  minutes  after  injectij^  concentrations  in  both  compartments 
are  less  than  5%  of  their  peak  values.  Peak  brain  drug  concentration  and 

anesthetic  effect  occur  within  the  first  2  minutes  after  injection.  Because 
thiopental  rapidly  leaves  the  areas  of  interest,  attempts  to  extrapolate  from 
small  concentrations  measured  much  later,  would  be  subject  to  error.  This 
would  be  further  compounded  as  the  drug's  effect  on  hemodynamics  changed  with 
changing  concentrations  in  various  compartments.  Bergman  did  not  measure  the 
dogs'  blood  pressure  or  cerebral  blood  flow.  It  is  possible  that  with  the 
fall  in  blood  pressure  that  likely  occurred  after  thiopental  administration  to 
his  hypovolemic  animals,  cerebral  blood  flow  fell,  thus  decreasing  washout  of 
the  drug,  resulting  in  lower  plasma  concentrations.  This  is  possible  because 
within  15-45  seconds  after  injection  concentration  of  the  drug  in  richly  per¬ 
fused  tissue  is  higher  than  in  arterial  plasma.  Unfortunately,  we  did 

not  measure  drug  concentrations  in  either  plasma  or  brain,  and  thus,  cannot 
confirm  or  refute  Price's  predictions  or  our  speculations. 


5.  Determination  of  minimal  alveolar  anesthetic  concentration  (MAC)  of 
ha  Lo  thane  and  nitrous  oxide  in  swine. 

ronn le ted  The  minimal  anesthetic  requirement  of 

•  eTfor  halo  thane  and  nitrous  oxide  is  greater  than  that  of  man  and  most 
swine  for  halothane  a  a  variability  of  anesthetic  requirement  among 

anes  the  tic^agent  st^The  Accomplishment  AfAhis  ^"n^s^r^a  Jprop'rute  ly 

conduct  other  studies. 
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E.  Cone lus ions 

1.  The  swine  is  an  excellent  laboratory  model  for  the  study  of  hemorrhage. 

Its  cardiovascular  system  and  response  to  hemorrhage  are  more  similar  to 
those  of  man  than  other  laboratory  animals.  When  used  at  a  young  age,  the 
animal  is  sufficiently  large  to  instrument  fully,  yet  not  so  large  as  to 
make  difficult  their  handling,  housing,  or  care. 

2.  Comparison  of  ketamine,  thiopental,  enflurane,  halothane,  and  isoflurane 
for  induction  of  anesthesia  during  moderate  hypovolemia. 

a.  Ketamine  and  thiopental. 

Both  of  these  injectable  anesthetic  agents  cause  similar,  important 
deterioration  of  cardiovascular  compensation  for  moderate  hemorrhage.  Reduc¬ 
tions  in  systemic  vascular  resistance,  mean  systemic  blood  pressure,  and  car¬ 
diac  output  are  not  different  in  hypovolemic  animals  in  whom  anesthesia  is 
induced  with  thiopental  in  comparison  with  those  in  whom  anesthesia  is  induced 
with  ketamine.  Both  agents  also  further  exaggerate  the  lactic  acidosis  seen 
with  hemorrhage.  A  potentially  important  difference  is  the  continued  progres¬ 
sive  lactic  acidosis  one  half  hour  after  induction  seen  in  ketamine  induced 
animals  but  not  in  thiopental  induced  animals.  We  conclude  that  induction  of 
anesthesia  in  hypovolemic  condition  with  ketamine  does  not  offer  any  advantage 
over  induction  of  anesthesia  with  thiopental  in  a  similar  circumstance.  The 
progressive  lactic  acidosis  seen  only  in  the  ketamine  group  implies  that  these 
animals  had  either  less  good  tissue  perfusion,  or  decreased  hepatic  perfusion, 
or  both. 

b.  Enflurane,  halothane  and  isoflurane. 

These  inhalation  agents  all  cause  deterioration  of  cardiovascular  compen¬ 
sation  for  hemorrhage,  similar  to  the  deterioration  seen  with  the  injectable 
agents,  ketamine  or  thiopental.  The  decrease  in  systemic  vascular  resistance, 
cardiac  output,  and  mean  systemic  blood  pressure  among  the  animals  receiving 
the  three  inhalation  agents  are  quite  similar,  as  are  the  metabolic  sequelae 
and  increased  acidosis. 

3.  Swine  acid-base  curve  and  alignment  nomograms  differ  from  those  of 
man  and  dog,  the  only  two  other  species  for  which  these  nomograms  have  been 
constructed.  The  swine  nomograms  should  be  used  when  evaluating  swine  acid- 
base  balance. 

4.  Determination  of  anesthetic  dose  of  ketamine  or  thiopental  in  hypo¬ 
volemic  swine. 

Hypovolemia  decreases  the  minimal  anesthetic  requirement  of  the  two 
injectable  agents  studied  (ketamine,  thiopental).  The  reduction  in  minimal 
amount  of  anesthetic  required  was  not  different  for  the  two  drugs. 

5.  Determination  of  minimal  alveolar  anesthetic  concentration  (MAC)  of 
halothane  and  nitrous  oxide,  in  swine. 

The  minimal  alveolar  concentration  for  halothane  and  nitrous  oxide  in  the 
swine  was  somewhat  higher  than  most  laboratory  animals.  Therefore,  planned 
studies  with  swine,  and  data  obtained  from  anesthetized  swine,  must  be 
evaluated  with  this  information  about  their  anesthetic  requirement  in  mind. 
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F .  Recommendations : 

1.  Swine  should  be  considered  for  increased  use  for  studies  involving  hemor¬ 
rhage  . 

2.  The  author  should  (and  will)  describe  the  findings  thus  far  in  the 
appropriate  medical/scientific  literature. 

3.  USAMRDC  should  consider  providing  to  the  appropriate  agencies  (?  Academy 
of  Health  Sciences;  ?  consultant  for  anesthesia  to  the  Surgeon  General) 
the  conclusions  (2a,b;4)  regarding  use  of  ketamine,  thiopental,  enflurane, 
halothane,  and  isoflurane  during  hypovolemic  conditions. 

4.  Studies  regarding  the  cardiovascu lar  and  metabolic  effects  of  use  of 
nitrous  oxide  for  induction  of  anesthesia  during  hypovolemia  should 
proceed.  Results  from  this  study  will  allow  us  to  provide  recommenda t ions 
regarding  the  use  of  nitrous  oxide  for  hypovolemic  soldiers,  and  perhaps 
afford  the  opportunity  to  allow  for  decreasing  the  battlefied  medical 
logistical  burden  (supply  of  nitrous  oxide). 

5.  Studies  outlined  in  the  contract  regarding  deterioration  of  compensation 
for  hemorrhage  with  induction  of  anesthesia  should  proceed.  These  offer 
the  opportunity  to  improve  casualty  management  of  induction  of  anesthesia 
during  hypovolemia. 
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Legends  for  Tables  and  Figures 


1.  N=  76 . 

Values  are  means  +  SE. 

PWP,  pulmonary  artery  wedge  pressure;  BPa,  mean  systemic  arterial  blood 
pressure;  PAP,  mean  pulmonary  artery  pressure;  SVR,  systemic  vascular 
resistance;  PVR,  pulmonary  vascular  resistance. 

2.  N=7  per  group. 

Values  are  means  +  SE. 

RAP,  mean  right  atrial  pressure;  VO2  oxygen  consumption;  triangle  BE, 
change  in  base  excess  from  previous  state;  triangle  LAC,  change  in  blood 
lactate  concentration  from  previous  state.  Other  abbrevia t ions  same, 
same  as  table  1. 

KCT  means  that  K  is  not  s ta ti s tica 1 ly  different  from  C,  nor  is  C  dif¬ 
ferent  from  T,  but  that  K  is  statistically  different  from  T. 

3.  Groups:  C,  control,  no  anesthetic  agent;  H,  halothane;  E,  enflurane;  I, 
isof  lurane . 

Data  are  means  for  7,  group  C;  7,  group  H;  8,  group  E;  8,  group  1. 

Abbreviations  and  units  as  in  tables  1  and  2. 

4.  Data  for  swine  curve  nomogram. 

5.  Mean  acid  base  curve  nomogram  for  swine.  See  text  for  derivation  of 
"mean*'  values  for  four  swine  and  construction  of  nomogram. 

6  Comparison  of  our  "mean"  data  for  swine  (0 - 0)  with  Siggaa rd-Ande rsen" s 

data  for  humans  - and  Scott  Emuakpor's  data  for  canines  ( 1-  —  1)  - 

7.  Mean  acid  base  alignment  nomogram  for  swine.  See  text  for  derivation  of 
"mean"  data  and  construction  of  nomogram. 

8.  Data  are  mean  +  SE.  N=4  per  group.  *S ta ti s ti ca 1 ly  different  (p<0.05) 
from  normovolemic  state). 
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Table  1:  Awake  Swine  Response  to  30%  Hemorrhage 

Normovolemia  Hypovolemia  P 


Mean  r 

ight  atrial  pressure  (torr) 

1 . 3+0 . 2 

-0.2+0. 2 

<0.001 

PWP 

l torr) 

2 . 6+0 . 1 

0 . 3±0 . 2 

<0.001 

Plasma 

renin  activity 

(ng.ml  '‘.hr  ^ ) 

2.  7+0. 3 

S  .  7+ 1 .  1 

<0.001 

P lasma 

epinephrine 

(pg/ml) 

265+23 

737+65 

<0.001 

P lasma 

norepinephrine 

(pg/ml) 

242+20 

452+50 

<0.001 

Hea  r  t 

ra  te 

( bea  ts/min ) 

113+3 

157+6 

<0.001 

Stroke 

volume 

(ml/kg) 

1 . 68+0 . 04 

0.80+0.04 

<0.001 

Cardiac  out,  Jt  (ml. min 

-l  u  -1  1 
•kg  ) 

181+3 

1 1 2+3 

<0.001 

BPa 

( torr) 

130+2 

98+ 3 

<0.001 

PAP 

( torr) 

13.5+0.2 

9 . 6+0 . 3 

<0.001 

Oxygen 

consumption  (mlOj.min  '".kg 

7.53+0. 16 

8.05+0.19 

<0.002 

Base-excess 

(mmol  /  1) 

5 . 3+0 . 3 

3. 1+0.3 

<0.001 

Blood 

lac  ta  te 

(mmol  /  1) 

1. 1+0. L 

1 . 8+0 . 1 

<0.001 

SVR 

( torr .  1 

.min) 

35.3+0.7 

43.8+1.4 

<0.001 

PVR 

( torr.  1 

.min) 

2.96+0.08 

4. 16+0.14 

<0.001 

n=  76 . 

Values  are  mean 

±  SE 

PWP,  pulmonary  arterial  wedge  pressure;  BPa,  mean  systemic  arterial  blood 
pressure;  PAP,  mean  pulmonary  artery  pressure;  SVR,  systemic  vascular  resis¬ 
tance;  PVR,  pulmonary  vascular  resistance. 
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Tat'le  2.  Response  of  Swine  to  Induction  of  Anesthesia  during  301  Hypov 
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'  r  •  ^ 
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K>T,C 

8.0  • 

2.o 
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310 
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246 
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Norepinephrine  (pg/.ml) 
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172 

Heart  rate  ( beats/ir.in ) 
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116  • 

19 

ns 

1  6  4 

23 

Stroke  volume  Cml/kgi 

* .  -o 
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3.76 

•  r.  1  ; 

0.79  ■ 

0.19 

ns 

0.84  • 

0. 13 

Cardiac  output  •  •  ■■ 
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ns 
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Table  2  (continued )— Footnotes: 


mean  systemic  arteria 


:  i  Ml. 

■.  ( arter.sl  we.ige  pressure;  BPa, 

r.yr.ptior.;  "VK,  systemic  vascular  resistance;  ?VR,  culm 

lac,  ohar.«-e  ir  bloo.i  lact  ve  concentration  from  previse 

f-  r'T.t  fr  r.  C,  n.  r  is  C  different  fro:;;  T, 


but  that  K 
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Table  3.  Response  of  swine  to  induction  of  anesthesia  with 
enflurane,  halothane,  or  isoflurane  during  30%  hypovolemia 

Induction  of  Anesthesia 


Awake 

Hypovo lemic 

5 

C 

min 

H 

E 

30 

I 

min 

C 

H 

E 

I 

BP.'i 

97 

97 

36 

28 

29 

108 

55 

45 

43 

Q 

111 

113 

67 

65 

61 

124 

88 

86 

91 

HR 

155 

162 

145 

150 

121 

164 

150 

152 

137 

SVR 

4  4 

42 

2b 

21 

25 

45 

30 

24 

26 

EPI 

746 

2S5 

833 

426 

469 

534 

712 

383 

332 

NEPI 

*+63 

209 

249 

291 

121 

459 

266 

301 

124 

Renin 

9.  1 

6.8 

23 

17 

26 

8.  1 

30 

16 

18 

/\  Lac  ta  te 

+0.7 

-0.0 

+0.6 

+  1.4 

+0.9 

0 

-0.1 

-0.4 

0 
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Table  *♦ .  Swine  base-excess  curve 

Coord  ina  tr  s 

Base  excess  pH  t’<  Ki 

(  me  q  /  1  )  ( U  n  i  t  s  i  t  o  r  r  1 

none*; r  in 

M.tse  excess 

k  iticq/  i  1 

Coo 

pH 

(Uni t  s ) 

r d i na  te  s 

pco2 

1 torr) 

-20 

7  .  1  -*  3 

1  4 

V 

7 . 4U0 

40.0 

-19 

7  .  1 62 

2  0.7 

+ 1 

w .  4  1 2 

40.6 

-IS 

7.178 

21..- 

7 

7.424 

41.0 

-17 

7.  194 

22.9 

7.436 

41.4 

-  lo 

7.208 

2-* .  1 

•4 

7.448 

41.6 

-15 

7.223 

25.2 

+5 

7.461 

41.8 

-14 

7.236 

26.3 

6 

7.474 

41.8 

-13 

7.249 

27.5 

7 

7.488 

41.8 

-12 

7.262 

26.6 

8 

7.502 

41.6 

-11 

7.275 

29.6 

9 

7.517 

41.3 

-10 

7.287 

30.9 

+  10 

7.532 

40.9 

-  9 

7.298 

32.0 

11 

7.548 

40.4 

-  8 

7.310 

33.1 

12 

7.  565 

39.8 

-  7 

7.321 

34.1 

13 

7.582 

39.1 

-  6 

7.333 

35.1 

14 

7.600 

38.3 

-  5 

7.344 

36.1 

+  15 

7.618 

37.4 

-  4 

4.355 

37.0 

16 

7.637 

36.4 

-  3 

7.366 

37.9 

17 

7.657 

35.3 

-  2 

7.377 

38.6 

18 

7.678 

34.2 

-  1 

7.389 

39.4 

19 

7.700 

33.0 

+20 

7.722 

31.7 

r" 


P  £,| 


BASE  EXCESS 

mmol  L  BLOOD  OR  PLASMA  pH 


Pco2 
i — 10 


H5 


20 

r-25 

E-30 

F35 

L40 


t-  50 


r-60 
r*  70 
A  80 
j—  90 
^  1 00 
-110 
-120 
—  1 30 
-140 
^  1 50 


Table  5,  Minimal  Anesthetic  Dose  of  Ketamine  and  Thiopental  in 


Swine  during 

Normovolemia  and 

after  Hemorrhage 

Minimum  Anesthetic 

Dose  (mg/kg) 

Reduction  in  minimum 

During 

During 

anesthetic  dose  duri 

Drug 

Normovo lem ia 

Hypovolemia 

hypovolemia  ("0 

Ke  tamine 

17 . 50+0.72 

10.31+0.60* 

40+5 

Thiopen  t a  1 

11.25+1.02 

7 . 50+0 .72* 

33+5 

Data  are  mean  +  SE. 
n  =  4  per  group 

♦Statistically  different  (P  <  0.05)  from  normovolemic  state. 
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During  this  contract  year  the  following  problems  were  encountered. 

1.  Overall  progression  of  contract  goals  proceeded  at  a  pace  which  was  slower 
than  anticipated  because  of  the  need  to  conduct  additional  studies  for 

the  purpose  of  scientific  validation. 

2.  One  of  the  staff  research  associates  underwent  unanticipated  surgery  and 
was  out  from  work  for  a  period  of  three  weeks. 

3.  The  mass  spectrometer  required  major  repair  with  a  down  time  of  approximately 
one  month. 

4.  We  have  had  intermittent  problems  with  our  supply  of  swine.  The  farmer 

from  which  our  supplier  obtains  swine  has  recently  gone  out  of  business.  Our 
supplier  now  obtains  swine  from  several  sources.  The  quantity  and  quality  of 
supply  has  now  deteriorated.  We  are  investigating  alternate  sources. 
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Comparison  of  Cardiopulmonary  Responses  to  Graded 
Hemorrhage  during  Enflurane,  Halothane,  Isoflurane, 
and  Ketamine  Anesthesia 

Richard  B.  Weiskopf,  MD,*  Mary  I.  Townsley,  BA,+  Kathryn  K.  Riordan,  BS4 
Karen  Chadwick,  BS4  Mark  Baysinger,  BS4  and  Eileen  Mahoney,  BA^; 


Weiskc-pc  R  B  .  Townsley.  M  I  .  Riordan.  K  K  .  Chadwick.  K  Baysinger.  M  .  and  Mahoney.  E  Comparison  of 
carJ.cpuimonary  responses  to  graded  nemorrhage  during  enflurane.  halothane.  isoflurane.  and  ketamine  anesthesia 
Anesth  Araig  1 981 .60  481-91 

To  assess  the  influence  of  anesthetic  agents  during  mild  to  moderate  hemorrhage,  the  cardiopulmonary  function  of 
five  awa«e.  unmedicatea  dogs  was  compared  with  that  during  anesthesia  witn  enflurane.  halotnane,  isoflurane.  and 
ketamme  Each  dog  was  evaluated  during  anesthesia  with  each  agent  during  normovolemia  and  after  blood  losses  of 
10  .  29  •.  and  30  :  Before  blood  loss,  in  comparison  with  the  awake  state,  ketamine  increased  heart  rate  (118  ± 
i  1  beats  min.  awake,  vs  168  ±  17)  and  cardiac  output  (5.3  ±  0  4  L  mm  awake,  vs  6.0  ±  0  2).  Halothane  and 
■sofiurane  did  not  alter  these  variables.  Enflurane  decreased  mean  arterial  blood  pressure  ( 1 1 0  ±  2  torr.  awake,  vs  72 
±  o).  c?.rp;ac  Output  (3.5  ±  0.1  L,  mm),  and  stroke  volume  (46  ±  4  ml.  awake,  vs  29  ±  2)  to  a  greater  extent  than  did 
the  other  anesthetics  Blood  loss  decreased  cardiac  output  more  with  ketamine  than'with  the  inhalation  anesthetics 
(ketamine.  0.120  L.  mm  'percentage  of  blood  loss;  halothane.  0.077;  isoflurane.  0.071 ;  enflurane.  0  058;  determined 
by  least-squares  linear  regression.  0-30°b  blood  loss),  so  that  after  30%  hemorrhage  cardiac  output  was  essentially 
the  same  during  halotnane  (2.45  ±0  19  L/min),  isoflurane  (2  83  ±  0  19  L  min),  and  ketamine  (2  48  ±  0.15  L  min) 
anesthesia.  Also,  during  hemorrhage,  systemic  vascular  resistance  increased  most  with  Ketamine,  thus,  after  30% 
blood  loss,  mean  arterial  blood  pressure  was  highest  with  ketamine  (ketamine.  94  ±  7  torr.  enflurane.  48  ±  5  torr; 
halothane.  81  ±  4  torr.  isoflurane.  58  ±  4  torr)  Rate-pressure  product  and  minute  work  were  highest  with  ketamime 
throughout  hemorrhage,  except  for  minute  work  after  30%  blood  loss  These  cardiovascular  changes  were  reflected 
in  the  measurements  of  metabolism.  Total  body  oxygen  consumption  (V0l)  was  highest  with  ketamine  after  0%  to  20% 
biood  (oss  (e  g.,  after  0%  blood  loss  ketamine.  8.6  ±  1 .2  ml  of  O..  min  kg;  enflurane.  4.5  ±  0.5;  halothane.  4.0  ± 
0  3.  isoflurane.  4.9  ±  0  6)  During  blood  loss.  V. j-  did  not  change  with  any  inhalation  anesthetic,  but  decreased  with 
ketamine  (6.0  ±  0  5  ml  of  Ot»/min.  kg  after  30'%  blood  loss):  this  decrease  was  associated  with  an  increase  in  arterial 
blood  lactate  concentration  and  base  deficit  (ketamine.  BE  -8  0  ±  0  5  meq  l  after  30%  blood  loss),  suggesting  that 
oxygen  demand  was  not  met  during  hypovolemia  with  ketamine  anesthesia  In  contrast,  lack  of  change  in  blood 
tactate.  base  deficit,  or  oxygen  consumption  during  hemorrhage  with  (he  inhalation  anesthetics  suggests  that  oxygen 
demand  was  satisfied  when  the  dogs  were  bled  during  enflurane.  halothane,  or  isoflurane  anesthesia. 

Key  Words:  ACID-BASE  EQUILIBRIUM;  ANESTHETICS.  Intravenous  ketamine;  ANESTHETICS.  Volatile  enflurane, 
halothane,  isoflurane.  HEMORRHAGE  anesthetics,  effects  of.  METABOLISM,  lactate. 


HEMORRHAGE  stimulates  the  sympathoadrenal 
wstem  Anesthetic  agents  also  may  inhibit, 
stimulate,  or  have  little  influence  on  this  system  dur- 
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ing  normovolemia.  It  is  not  obvious  whether  addi¬ 
tional  stimulation,  no  effect,  or  inhibition  of  the  sym¬ 
pathetic  system  would  be  most  beneficial  in  anesthe¬ 
tized  hypovolemic  patients.  Hemorrhage  has  been  the 
subject  of  many  investigations,  most  using  one  of  the 
standard  "shock"  models,  in  which  an  experimental 
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..r.im.il  ts  biod  to  and  maintained  at  a  predetermined 
arterial  blood  pressure  low  investigations  have  used 
graded  measured  hemorrhage  as  the  independent 
variable  ■ 

Although  a  tow  limited  studies  of  hemorrhage  have 
used  awake  human  volunteers  (1).  and  some  studies 
have  used  awake,  restrained  animals  (2).  most  inves¬ 
tigations  have  used  anesthetized  animals.  These  stud 
ies  usually  used  injectable  anesthetic  agents,  resulting 
m  varying  anesthetic  depth  during  the  course  ot  the 
experiment  When  an  inhalational  anesthetic  agent 
was  used,  induction  ot  anesthesu  was  usuallv  at  cam- 
pushed  with  an  injectable  anesthetic,  or  constant  end- 
tidai  concentrations  not  maintained,  resulting  ;n 

uncertain  depth  ot  anesthesia  V\hen  the  influence  or 
anesthetic  agents  on  hemorrhage  has  been  investj 
gated,  failure  to  remove  the  spleens  of  the  experimen¬ 
tal  dogs  (3-7)  could  have  ailowed  uncontrolled  and 
unqualified  "autotranstusion  ot  as  :miih  as  35’  or 
the  shed  blood  181 

Only  Theye  et  ai  i7)  compared  in  a  single  study  the 
influence  of  three  anesthetic  anesthetics  (cyclopro¬ 
pane.  halothane.  and  isotlurane)  on  cardiovascular 
function  during,  and  the  metabolic  consequences  of. 
equivalent  graded  hemorrhage  in  dogs  Because  they 
used  survival  times  as  their  end  point,  comparing  the 
effects  of  different  anesthetics  in  the  same  animal  was 
not  possible.  They  did  not  remove  the  spleens,  nor 
did  they  compare  results  during  hemorrhage  with 
those  of  awake,  unmedicated  dogs. 

In  the  present  report  we  have  assessed,  in  hypo¬ 
volemic  dogs  in  which  spleens  had  been  removed,  the 
benefits  and  disadvantages  associated  with  the  admin¬ 
istration  of  anesthetics  with  differing  effects  on  the 
sympathetic  system.  Ketamine,  an  anesthetic  with 
stimulant-like  properties  that  is  frequently  recom¬ 
mended  for  clinical  use  during  hvpovolemu,  was 
compared  with  halothane,  which  likely  inhibits  re¬ 
lease  and  activity  of  catecholamines  (°.  10),  and  with 
enflurane  and  isotlurane. 

Methods  and  Materials 

We  removed  the  spleens  from  five  healthy  mongrel 
dogs  (25  to  32  kg  each),  previously  trained  to  lie 
quietly  in  the  laboratory,  and  provided  them  with 
chronic  tracheostomies  and  exteriorized  carotid  arter¬ 
ies.  A  minimum  of  2  weeks  intervened  between  sur¬ 
gery  and  the  studies  All  animals  were  in  good  health 
for  each  study  All  dogs  were  studied  (in  random 
order,  separated  by  a  minimum  of  2  weeks  between 
successive  studies)  awake  or  with  1.15  MAC  of  the 
inhalation  anesthetics  or  with  a  continuous  infusion 


of  ketamine.  AH  animal**  breathed  spontaneously  -it 
all  times 

1  or  the  studies  with  inhalation  anesthetics,  the  Jogs 
were  connected  to  a  circle  breathing  circuit  through 
a  cuffed  tracheostomy  tube  and  a  non-rebreathing 
Rudolph  calve.  Animals  received  no  premeditation 
Anesthesia  for  the  studies  of  halothane,  enflurane.  or 
isotlurane  was  induced  with  the  agent  to  be  studied 
and  was  maintained  at  a  constant  end-tidai  concen¬ 
tration  ot  1.00%  halothane.  2.50%  enflurane  or  I  o°% 
isotlurane.  The  anesthetics  were  always  delivered  m 
a  mixture  ot  oxygen  and  nitrogen  that  was  adjusted 
to  maintain  Pan  dose  to  100  torr. 

For  the  studies  with  ketamine,  anesthesia  wa*  in¬ 
duced  intravenously  with  5.0  mg,  kg  of  ketamine  jnd 
was  maintained  by  a  continuous  infusion  of  ketamine 
in  the  smallest  amount  necessary  to  prevent  gross 
movement  (mean  ±  SE,  0  25  ±  0  03  mg,  kg  mini 
After  the  induction  ot  anesthesia,  carotid  and  pui- 
monarv  arterial  catheters  were  inserted  percuta- 
neouslv.  and  the  dog  was  placed  in  the  left  lateral 
decubitus  position. 

For  the  awake  studies,  animals  were  first  anesthe¬ 
tized  with  thiopental.  7.0  mg/ kg;  anesthesia  was 
maintained  with  70%  N.-O  in  Oj  to  allow  for  place¬ 
ment  of  carotid  and  pulmonary  arterial  catheters  So 
additional  thiopental  was  administered,  and  S.O  was 
discontinued.  Animals  were  studied  at  least  2  hours 
after  awakening,  at  which  time  resting  Pa.  t>.  did  not 
differ  from  Paru.  measured  on  another  occasion  be¬ 
fore  administration  of  anesthetics  or  other  drugs. 

Ventilation  was  measured  by  using  the  rebreathing 
bag  :n  the  circle  breathing  system  as  a  bag-in-a-box 
connected  to  a  wedge  spirometer  (model  570.  Med- 
Science  Electronics.  Inc).  We  continuously  measured 
P<>.,  Pro*  and  the  partial  pressure  of  halothane.  en- 
flurane.  or  isoflu rane  at  the  tracheostomy  tube  orifice 
by  mass  spectroscopy  (Perkin-Elmer.  model  MCA 
1 100A)  (II)  (Townslev  MI  Brinks  HA,  Weiskopt  RB. 
Measurement  of  enflurane  and  isoflurane  by  mass 
spectrometry  Abstracts  of  Scientific  Papers.  Annual 
Meeting  of  the  American  Society  of  Anesthesiologists. 
October  21-25.  1978,  Chicago,  Illinois,  pp  289-90). 
Carotid  and  pulmonary  arterial  pressures  were  meas¬ 
ured  by  transducers  (Statham  23  Db).  Mean  systemic 
and  pulmonary  arterial  pressures  were  derived  by  a 
Brush  recorder  preamplifier.  Cardiac  output  was  es¬ 
timated  using  a  thermodilution  technique,  a  thermis¬ 
tor-tipped  pulmonary  arterial  catheter  (Edwards  Lab¬ 
oratories),  and  an  analog  computer  (Gould  model 
SPI425).  Cardiac  output  measurements  were  repeated 
until  two  successive  measurements  displaying  satis- 
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factory  washout  curve**  differed  b\  no  more  than  0  2 
L/mm.  This  usually  occurred  within  two  or  three 
measurements  These  physiologn  parameters  and  the 
partiai  pressures  o(  the  measured  ga**e**  and  vapors 
were  recorded  graphically  iC.ouid  Brush,  mod*  i  200 
eight-channel  polygraph)  and  magnetically  t  Hewlett - 
Packard,  model  8808A  FM  tape  recorder).  Systemic 
vascular  resistance  was  calculated  as  mean  systemic 
blood  pressure  divided  by  i ardiac  output.  Pulmonary' 
vascular  resistance  was  calculated  as  the  difference 
between  mean  pulmonary  artery'  pressure  (PAP)  and 
pulmonary  artery  wedge  pre>  ur«*  divided  by  cardiac 
output  Lett  ventricular  stroke  work  (LYbVV)  was 
calculated  as  the  product  of  mean  systolic  blood 
pressure  and  stroke  volume.  Left  ventricular  minute 
work  iLYMVV)  was  calculated  as  the  product  of 
LVSW  and  heart  rate. 

Circulatory  and  ventilatory  variables  were  meas¬ 
ured  during  normovolemia  and  atter  10%.  20%.  and 
30%  reductions  in  the  animal's  estimated  blood  vol¬ 
ume  (12).  Each  Jog's  temperature,  measured  in  the 
pulmonary  arterial  blood,  was  maintained  within  1  C 
of  its  initial  value  by  the  use  of  circulating  water 
heating  pads. 

Successive  10%  reductions  in  blood  volume  were 
accomplished  by  drawing  blood  through  the  carotid 
arterial  cannula  over  a  period  of  approximately  10 
minutes.  The  blood  was  collected  into  sterile,  bOO-nil 
transfer  packs  containing  heparin,  so  that  the  final 
concentration  was  3  units  of  heparin  per  milliliter  of 
blood.  At  least  10  minutes  of  stability  was  allowed 
after  each  reduction  in  blood  volume  before  begin¬ 
ning  measurements  at  that  level  of  oligemia.  Follow¬ 
ing  studies  at  30%  blood  loss,  the  collected  blood  was 
transfused  through  a  microfilter  (Pall  SQ40SK  Ultipor 
blood  transfusion  filter);  20  minutes  later  all  measure¬ 
ments  were  repeated  and  compared  with  values  ob¬ 
tained  before  hemorrhage. 

During  each  of  the  experimental  conditions.  Pan. 
and  Pam.  were  measured  by  Radiometer  electrodes 
in  steel  and  glass  cuvets;  pH  wa*.  measured  by  a 
Severinghaus-UC  electrode  (13).  All  electrodes  were 
maintained  at  37  C.  Calibrating  gases  and  buffers 
were  measured  before  and  after  each  blood  sample 
reading,  the  measurement  was  corrected  for  electrode 
drift,  liquid-gas  factor  (14,  13),  and  the  dog's  temper¬ 
ature  (le>)  Oxygen  concentrations  of  systemic  arterial 
(Ca.>.)  and  pulmonary  arterial  (Cvo.)  blood  were 
measured  in  duplicate  by  a  galvanic  cell  instrument 
(Lex-O.-Con-TL,  Lexington  Instruments)  (17).  Base 
excess  was  estimated  using  a  modification  of  the 
equations  of  Sevoringhaus  (18) 


During  each  condition,  arterial  blood  samples  were 
obtained  for  enzymatic  measurement  of  whole  blood 
lactate  concentrations  (l°i 

Results  in  the  normovolemic  anesthetized  state 
were  compared  with  resuits  in  the  awake  condition 
by  analysis  of  variance  with  repeated  measures  and 
bv  Student’s  f-test  for  paired  data.  For  each  anesthetic, 
the  influence  of  hemorrhage  on  the  measured  and 
calculated  variables  was  assessed  by  analysis  of  vari¬ 
ance  with  repeated  measures.  Compa-ison  among 
anesthetic  agents  at  normovolemia  and  at  each  level 
of  hemorrhage  was  accomplished  by  analysis  of  var¬ 
iance  with  repeated  measures  and  by  Newman-Kouis 
method  of  multiple  comparisons.  Data  obtained  m 
normovolemic,  anesthetized  state  after  the  return  of 
shed  blood  were  compared  with  data  obtained  before 
hemorrhage  using  the  paired  Student's  Me st  (20).  In 
all  cases,  p  <  0  03  was  considered  statistically  signir- 
leant 

As  a  control,  all  animals  were  anesthetized  with 
ketamine  for  a  second  time,  the  same  induction  and 
maintenance  doses  were  used.  Although  no  hemor¬ 
rhage  was  instituted,  all  other  procedures  and  meas¬ 
urements  were  the  same  as  in  the  first  ketamine 
experiment,  including  the  times  at  which  measure¬ 
ments  were  performed.  Statistical  analysis  of  these 
data  did  not  indicate  significant  change  in  any  meas¬ 
ured  variable  with  time  during  ketamine  anesthesia 

Results 

Awake  vs  Anesthetized  States  (during 
Normovolemia) 

Mean  (±5E)  values  for  the  five  normovolemic  dogs 
are  presented  in  Table  1. 

All  inhalation  anesthetics  decreased  mean  arterial 
blood  pressure  (BPa).  The  increase  in  BPa  observed 
during  ketamine  anesthesia  was  not  statistically  sig¬ 
nificant.  During  normovolemia,  BPa  was  higher  with 
ketamine  than  with  halothane.  which  was  higher  than 
with  isoflurane,  which  was  higher  than  with  enflur- 
ane 

Cardiac  output  (Q)  decreased  with  enflurane.  in¬ 
creased  with  ketamine,  and  did  not  change  with  hal¬ 
othane  or  isoflurane.  During  normovolemia,  Q  was 
higher  with  ketamine  than  with  all  inhalation  anes¬ 
thetics,  and  significantly  lower  with  entiurane  than 
with  all  other  agents. 

Only  ketamine  altered  (increased!  heart  rate  Lett 
ventricular  stroke  volume  decreased  only  with  enflur¬ 
ane.  and  during  normovolemia  it  was  higher  with 
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TABLE  1 

Comparison  of  Cardiorespiratory  Responses  of  Five  Dogs.  Awake  and  Anesthetized,  during  Zero  Blood  Loss* 


A 

A., 

... 

L- 

r.in*' 

uttiriMf 

he 

*-«rr 

Ert-tnj.il  rjncentrahon  (  ) 

3  C 

2  48 

r 

0  03 

0  99 

S 

0  01 

1  66 

r 

3  01 

NA 

BP  a  dorr) 

109  6 

2 

3  1 

7 •  8 

r 

3  2 

99  4 

2 

2  -y 

83  0 

2 

:  o r 

124  0  2 

6  6 

HR  Ibf.its  "-in) 

118  4 

2 

10  c 

U7.a 

2 

2  5 

116  0 

2 

5  3 

125  0 

2 

5  5 

1  67  6  2 

•74- 

O  (L  mini 

5  29 

2 

0  35 

3  45 

2 

0  14 

4  80 

2 

0  18 

5  00 

2 

0  20 

5  97  r 

0  *a* 

SV  (ml) 

45  6 

A 

3  5 

29  4 

2 

1  .6’ 

41  8 

2 

2  6 

40  1 

2 

0  7 

37  5  2 

4  8 

LVSW  (g  *  m) 

5  31 

* 

047 

2  25 

2 

0  21“ 

4  4  1 

2 

0  37 

3  4i 

0  3i  ‘ 

4  92  2 

0  66 

LVMW  (g  *  m  mm) 

61  1 

* 

37 

263 

2 

19 

506 

± 

30 

421 

2 

2  7; 

783  2 

44 

SVR  (tort  L  mm) 

21  2 

2 

1  8 

21  0 

2 

1  1 

20  8 

2 

0  5 

16  8 

2 

1  8 

20  8  2 

1  4 

PAP  (torrj 

1  1  2 

2 

2  0 

14  3 

2 

1  4 

14  7 

2 

1  8 

14  5 

2 

1  4 

14  0  2 

1  6 

PVR  (toff  L  mm) 

1  09 

2 

0  14 

1  62 

2 

0  22 

1  52 

2 

0  18 

1  58 

2 

0  39 

i  85  2 

0  2*. 

C(a-v) ,  (mi  O  JD 

4  2 

2 

0  29 

3  8 

2 

0  35 

2  2 

2 

0  17* 

26 

2 

0  22' 

4  2  2 

0  5J 

V  ,  (ml  O.  mm  kg) 

7  73 

A 

0  48 

4  46 

± 

0  52  ' 

3  95 

2 

0  32 ' 

4  92 

2 

C  55' 

8  55  2 

1  1  7 

T  (ml  0.  mm  kg) 

32  7 

A 

2  4 

20  1 

2 

1  6 

29  7 

2 

08 

29  4 

2 

2  O' 

36  8  2 

1  2 

T  ...  V- 

4  26 

* 

0  28 

4  65 

2 

0  43 

7  76 

2 

0.52; 

6  14 

2 

0  43- 

4  58  2 

0  5  3 

Pa  (torr) 

97.3 

r 

3  8 

109  0 

2 

3  7* 

95  9 

2 

1  0 

107  9 

2 

5  2 

*  23  6  2 

3  4 

Pa.  (torr) 

31  3 

2 

1  5 

49  3 

2 

2  8 

42  0 

2 

2  3’ 

56  2 

2 

2  3 

32  4  r 

0  ? 

pHa 

7  439 

2 

0  01' 

7  298 

2 

0  018 

7  336 

2 

0  010' 

7  230 

2 

0  022' 

7  4  16  2 

0  015 

BE  (mea  L) 

-3  3 

2 

0  6 

-  2  4 

2 

0  7 

-3  4 

2 

1  1 

-39 

2 

0  9 

-39  2 

0  7 

Hct(  ) 

38  1 

2 

06 

39  3 

2 

0  6* 

38  7 

± 

0  5 

38  3 

2 

’  5 

38  8  2 

1  3 

Lactate  (f  M-'L) 

i  39 

2 

0  1  4 

0  3o 

2 

0  09 

1  83 

2 

0  28 

0  86 

2 

OH* 

1  75  2 

0  41 

PAPvw  (torr) 

5  5 

2 

1  7 

0  7 

2 

1  4 

7  1 

2 

2  2 

7  6 

2 

2  5 

5  3  2 

1  0 

RPP  ( >.  10) 

16  8 

± 

1  1 

1 1  0 

2 

0  3‘ 

14  5 

2 

0  8 

13  9 

2 

•  2 

28  3  2 

2  8' 

V,  (L  mml 

3  8 

2 

0  5 

5  8 

2 

D  9 

5  7 

2 

i  9 

14  5  2 

1  1 

t.  (breaths  mm) 

9  0 

2 

i  8 

19  2 

2 

4  9 

21  9 

2 

'■  2  4 

39  7  2 

4  4 

V-  <u 

0  47 

_ 

0  04 

0  32 

2 

0  03 

0  37 

2 

0  05 

0  38  2 

0  06 

*  Values  .ire  means  2  SE  c*  five  dogs  Abbreviations  used  are  8Pa  mean  arterial  blood  pressure  HR  r~ir t  rate.  Q  ^ardia' 
outout.  SV  stroke  volume.  LVSW  left  ventricular  slroke  work.  LVMW.  left  ventricular  minute  work.  SVR  systemic  ascular  resistance 
PAP.  mean  pulmonary  arterial  pressure.  PVR.  pulmonary  vascular  resistance.  C(a-v)  .  arterial-venous  oxygen  concentration 
difference  V  .  total  body  oxvgen  consumption.  T  •  .  oxygen  transport.  Pa  .  .  partial  pressure  ot  oxygen  in  arterial  blood.  Pa. 
par  hat  pressure  o<  c.ubon  Utoxvae  m  arterial  Wood.  pHa  arterial  Wood  pH.  BE .  base  excess  ot  arterial  blood  HjT  hematocrit.  PAPa 
pulmonary  arterial  wedge  pressure.  RPP  rate-pressure  product.  V,.  expired  minute  ventilation,  f.  respiratory  irequency,  V,.  tidal 
volume.  NA.  not  applicable  Comparison  of  responses  produced  by  each  anesthetic  separately  with  a*ake  state  *p  <  0  05.  p  < 
0  01.  p  <  0  005.  and  p  <  0  001  For  other  statistical  information,  see  Tables  5  and  6 


isorlur.tpo  art J  halothane  than  with  ketamine  and 
enflurane. 

LVSWork  decreased  with  isoflurane,  and  to  a 
greater  extent  with  enflurane.  Ketamine  jnd  halo- 
thane  did  not  alter  LVSW.  consequently,  LVSW  was 
lower  with  entlurane  than  with  the  three  other  anes¬ 
thetic  agents  Similarly.  LVMW  declined  with  enflur- 
ane  and  isoflurane,  but  increased  with  ketamine  as  a 
result  ot  increased  heart  rate.  Lv»tb«  quenrly  during 
normovolemia.  LVMW  was  greater  with  ketamine 
than  with  the  three  other  anesthetics,  whereas  LVMW 
was  lower  with  enflurane  than  with  the  three  other 
anesthetics. 

None  ot  the  four  agents  altered  peripheral  or  pul¬ 
monary  vascular  resistances  or  mean  pulmonary  ar¬ 
terial  or  puimonarv  wedge  pressures 

Total  body  oxvgen  consumption  (V<».J  decreased 
with  all  three  inhalation  anesthetics  and  did  not 
change  with  ketamime  Consequently,  during  nor¬ 


movolemia.  V\>  was  higher  with  ketamine  than  with 
all  three  inhalation  anesthetics.  The  ratio  of  oxygen 
transported  to  oxygen  consumed  (To^Vn.)  increased 
with  halothane  and  isoflurane.  but  did  not  change 
with  either  ketamine  or  enflurane.  During  normovo¬ 
lemia.  To./Vii.  was  higher  with  halothane  than  with 
all  other  agents,  and  was  higher  with  isoflurane  than 
with  either  enflurane  or  ketamine. 

None  of  the  anesthetics  altered  base  excess.  Blood 
lactate  concentrations  decreased  significantly  with  en- 
flurane  and  isoflurane  and  did  not  change  with  halo¬ 
thane  and  ketairui:-'  There  were  no  differences  among 
blood  lactate  concentrations  for  these  anesthetic 
agents  during  normovolemia 

Physiologic  Sequelae  of  Hemorrhage 

Cardiopulmonarv  responses  to  the  rour  anesthetic 
agents  During  10ao.  20%,  and  30%  blood  loss  are 
shown  in  Tables  2.  3,  and  4.  respectively;  statistical 
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TABLE  2 

Cardiorespiratory  Responses  of  Five  Anesthetized  Dogs  during  10%  Blood  Loss* 


En'iuiane 

Hatothane 

1  lu  rant* 

K^,a'v'r 

End-fk  al  concentration  (  n) 

2  49  £  0.04 

1  00  £  0  01 

1  72  £  0  02 

NA 

8P.1  tlorr) 

69  6  *  2  6 

918±33 

778x44 

i  24  0  x  5  6 

HR  (teats  mm) 

1 17  4  ±  2.9 

1 04  6  ±  5  3 

1  20  2  x  2  7 

1  77  8  x  1  7  6 

U  (L  mm) 

2  92  £  0  10 

3  74  ±  0  08 

415x012 

5  n  x  C  33 

SV  (ml) 

23  3  £  0  4 

36  0  £  i  7 

34  6  x  1  3 

29  8  x  3  ' 

LVSW  (g  x  mj 

1  74  £  0  07 

3  51  £  0  23 

2  36  x  0  23 

3  86  ±  0  55 

LVMW  (g  x  m,  mm) 

215  £  15 

362  ±  15 

343  x  26 

672  x  58 

SVR  (torr  L,  min) 

23  8  £  0  7 

24  6  ±  1  1 

18  7  ±  0  9 

24  7  x  5  0 

PAP  (torr) 

12  3  ±  1  3 

11.7  ±  1  9 

11  3  £  1  0 

1V6=!  9 

PVR  (torr  L  mm) 

1  94  i  0  33 

1  47  ±  0  28 

1  75  £  0  26 

1  82  ±  0  07 

C(a-v). .  (ml  0.-  dl) 

4  4  £  0  48 

3  4  £  0  1  4 

3  7  ±  0  37 

6  0  r  0  73 

V  (ml  0.'  mm  kg) 

4  39  £  0  61 

4  70  ±  0.12 

5  40  ±  0  53 

10  53  x  i  54 

T  .  (ml  0  •  min  kg) 

16  4  ±  1  6 

23  1  £  0  6 

23  0  r  1  1 

31  2  x  i  3 

T  V 

3  92  £  0  43 

4  93  ±  0  1  7 

4  42  ±  0  50 

3  06  x  0  5  5 

Pi  •  (torr) 

110  9  ±  3.5 

96  9  ±  3  4 

1 0f  4  £  2  6 

123  1  x  5  7 

Pa  ,  (»orr) 

45  2  £  1.8 

42  4  £  2  1 

54  5  x  3  2 

30  0  £  •  4 

pH  a 

7  32.°  £  0  010 

7  329  £  0  01 2 

7  230  ±  0  027 

7  401  x  0  323 

BE  (meg  L) 

-25x06 

-3  9  ±  i  C 

-49x06 

-5  5  x  ’  ' 

Hct(  ) 

38  3  £  0  6 

37  1  ±  0  9 

36  4  £  1  0 

37  8  x  ■  • 

L  ictate  (mM  L) 

0.34  £  0  10 

1  87  ±  0  24 

0  88  £  0  i  4 

2  57  ±  ;  43 

PAP<*  (torr) 

6  6  £  1  6 

6  3  £  1  8 

5  2x21 

51=’: 

RPP  (x  i0!) 

10  4  £  0  3 

12  1  ±  0  5 

12  4  x  0  8 

30  5  x  4  ■ 

Vf  <L  mm) 

5  1  £  0  4 

5  1  £  0  6 

4  7*09 

1  5  0  x  ’  ? 

f  (breaths  mm) 

12  0  £  0  9 

15  7  ±  3  9 

145  £55 

48  2  x  10  2 

V-  (L) 

0  4.3  £  0  03 

0  30  ±  0  02 

0  39  £  0  05 

0  34  x  2  34 

*  Values  are  means  ±  SE 

Abbreviations  are  defined  m  footnote  to  Table  1  For  statistical  information 

see  Tables  5  an  ±  6 

TABLE  3 

Cardiorespiratory  Responses  of  Five  Anesthetized  Dogs  during  20%  Blood  Loss* 

Enflurane 

Halothrine 

lso»iurane 

Keumrn-? 

End-tidal  concentration  (%) 

2  52  £  0  02 

1  02  ±  0  01 

1  69  x  0  02 

NA 

BP3  (torr) 

61  8  £  3  4 

88  8  £  2  8 

69  0  ±  3  3 

112  4x70 

HR  (beats  mm) 

1 19  6  £  4  2 

113  8X89 

1  20  8  £  4  3 

190  2  x  27  0 

Q  (L  mm) 

2.38  £  0  14 

3.10  ±  0  14 

3  52  ±0.13 

3  58  x  0  27 

SV  (ml) 

19  9  £  1  1 

27  8  £  1.9 

29  2  £  1  2 

20  2  x  3  0 

LVSW  (g  x  m) 

131  ±014 

2  62  £  0  25 

2  13x013 

2  61  x  0  51 

LVMW  (g  x  m/mm) 

157  £  18 

290  £  11 

256  ±  12 

468  £  30 

SVR  (torr/L/min) 

26  2  £  1  4 

29  0  ±  1  9 

19  8X14 

32  6  £  2  3 

PAP  (torr) 

10  6  £  1  2 

10  0  £  1  4 

9  2  £  1  5 

9  2  £  2  1 

PVR  (torr/L/mm) 

1  87  ±  0  31 

2  36  ±  0  22 

1  68  ±  018 

1  99  ±  0  82 

C(a-v){,.  (ml  0?/dl) 

5  9  ±  0.50 

4  0  ±  0  34 

4  2  £  0  21 

6  4  ±  0  48 

V0,  (ml  0^/mm/kg) 

4  74  £  0  41 

4  49  ±  0  22 

5  22  £  0  44 

8  05  ±  1  41 

(ml  0,-/min/kg) 

13  2  ±  1  5 

18  4  ±09 

19  0  £  10 

20  2  £  2  4 

To./  Vo, 

2  82  £  0  31 

4  IS  ±  0  33 

3  70  ±  0  25 

2  69  £  0  24 

Pa0.  (torr) 

1  04  2  £  3  2 

99  5  £  6  3 

103  0  £  2  9 

118  8  £  7  2 

Paco,  (torr) 

43  4  ±  1  5 

42  9  i  2  3 

56  7  £  3.4 

32  2  £  1  3 

pHa 

7.340  £  o  on 

7  321  ±  0  013 

7  221  ±  0.332 

7  36 1  £  0  01  1 

BE  (meq,  L) 

-26  ±05 

-4  5  ±09 

-47  ±08 

-  7  4  ±08 

Hct(%) 

36  7  £  1  2 

36  4  ±  1  0 

36  3  ±  0  9 

36  0  £  1  0 

Lactate  (mM/L) 

0  43  ±0  13 

1  68  ±  0  24 

0  96  ±  0  12 

2  76  £  0  66 

PAPw  (torr) 

5.8  £  1.6 

2  9±12 

3  6  ±  1  8 

6  1  ±  2  1 

RPP  (  x  IQ1) 

96  ±06 

12  6  ±  0  4 

1  1  4  ±  0  6 

29  4  ±  5  7 

Vt  (L.  min) 

61  ±1.2 

6  8  £  1  2 

5  1  £  1  0 

12  1  ±  2  3 

f  (breaths/mm) 

16  7  ±  5.1 

19  2  ±  5  2 

16  9  ±  6  3 

36  8  ±  5  9 

V,  (L) 

0  39  ±  0  04 

0  33  ±  0  02 

0  37  £  0  05 

0  33  ±0  19 

*  Values  are  means  ±  SE  Abbreviations  are  defined  m  footnote  to  Table  1  For  stahstica1  information,  see  Tables  5  and  6 
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TABLE  4 

Cardiorespiratory  Responses  of  Five  Anesthetized  Dogs  during  30°  o  Blood  Loss* 


En’Hif 

.in«* 

Haii 

■*h 

lso‘loi.*r»e 

F:*i1-!iO<i1  core M’’ nthm  (  ) 

?  52 

* 

0  02 

n  ->.s 

0  O' 

1  67 

t 

0  0? 

\A 

BPa  (t>»r) 

4h  0 

* 

4  8 

8i  0 

4 

3  5 

58  0 

4 

4  0 

94  :  4 

7  2 

HR  (finals  min) 

0 

i 

5  5 

i;’i  o 

1 

•0  7 

’  24  2 

4 

4  4 

-  66  :  4 

i  '  3 

0  (L  mm) 

1  69 

4 

9  1  4 

2  45 

0  1 9 

2  33 

± 

0  19 

2  48r 

0  15 

SV  (mi) 

1  4  0 

4 

0  3 

20  7 

4 

i  3 

24  2 

4 

1  2 

15  4  4 

2  1 

IV  SW  (.)  m) 

o  /':■ 

r 

0  1  1 

1  79 

4 

0  21 

1  48 

4 

0  10 

1  74  4 

0  32 

LWW  (a  >.  m  mm) 

87  7 

r 

’  5  5 

?06 

4 

•  4 

185 

4 

14 

28r  r 

50 

SVR  (to rr  L  miri 

?S  7 

2  4 

34  0 

4 

3  2 

21  0 

4 

2  4 

38  4  4 

3  2 

PAP  (forr) 

9  0 

4 

0  3 

7  6 

r 

1  4 

6  9 

4 

1  8 

6  0  r 

1  9 

PVR  (forr  L  min) 

?  34 

t 

0  35 

2  06 

4 

0  26 

1  52 

± 

0  40 

1  93  r 

0  88 

CUM  (ml  O  -it) 

6  • 

i 

0  79 

5  5 

i. 

0  53 

5  0 

1 

0  58 

7  5  r 

i  09 

7  in-i  (5  n-m  k 

4  48 

i 

0  31 

4  82 

4 

0  23 

4  88 

4 

0  19 

5  99  x 

0  54 

T  {ml  0  mu’  i» \j) 

9  0  i 

r 

1  34 

1  3  5 

4 

D  7 

14  1 

4 

1  1 

12  4  = 

'  ■  ■.) 

T  V 

2  :u 

t. 

0  25 

2  90 

4 

0  _‘4 

2.92 

± 

0  26 

2  17  = 

:  40 

Pi  (terr) 

t  03  4 

z. 

3  0 

100  0 

4 

7  t 

102  3 

± 

5.2 

118  2  4 

10  6 

Pi  (forr) 

4’  9 

z 

2  6 

42  4 

4 

54.3 

4 

3.5 

33  3  4 

2  6 

CHI 

7  J45 

2  024 

7  315 

4 

0  01  1 

7  224 

4 

0.029 

7  336  4 

0  018 

BE  (meq  L) 

-  3  4 

z 

0  5 

-4  7 

4 

0  8 

-  5  7 

4 

0  6 

-  8  3  4 

0  5 

H-M  ) 

36  3 

- 

0  4 

36  0 

4 

’  7 

34  5 

4 

0.9 

33  0  4 

0  5 

L' 

0  4  3 

- 

?  .3 

1  73 

4 

0  35 

0  93 

4 

0  1  7 

3*3  4 

0  46 

PAP*  (torr) 

4  Q 

1 

*  > 

2  6 

4 

1  2 

3  1 

4 

1  8 

3  3r 

i  5 

RPP ( «  10  ) 

7  7 

4 

0  9 

1  1  9 

± 

0  6 

9  6 

± 

0.6 

21  2  = 

3  5 

V,  (L  rmn) 

7  3 

z 

2  9 

7  2 

4 

1  4 

6  3 

4 

1  6 

10  9  4 

0  9 

f  (breaths  mm) 

24  3 

z 

13  6 

19  2 

4 

5  4 

21  3 

2; 

8  5 

33.4  4 

6  2 

V.  iL) 

0  37 

4 

0  05 

0.39 

4 

0  10 

0  37 

+ 

0  05 

0.35  r 

0  04 

*  V.iiues  are  rr-Mrs  4  SE  Abbreviations  are  defined  m  footnote  to  Table  1  For  statistical  information,  see  Tables  5  and  6 


analyses  of  the  ettec  t"  ot  hemorrhage  on  each  variable 
are  given  in  Fable  5 

Progressive  hemorrhage  decreased  left-sided  tilling 
pressure  (puimonarv  artenai  wedge  pressure!  with 
the  inhalation  anesthetics  but  not  with  ketamine: 
stroke  volume  decreased  with  all  agents  Heart  rate 
did  not  change  with  hemorrhage  with  any  anesthetic 
agent;  consequently.  (J  decreased  progressively  with 
graded  hemorrhage  wit.i  all  agents  ‘systemic  vascular 
resistance  (SYKi  increased  progressively  during 
graded  hemorrhage  with  all  agents  but  insufficiently 
to  prevent  a  progressive  decrease*  in  BPa.  which  oc¬ 
curred  with  ail  agents  Similarly,  pulmonary  vascular 
resistance  increased  during  blood  loss  with  halothane 
and  emluranc.  but  did  not  change  with  ketamine  and 
isotlurane  Mean  pulmonary  arterial  pressure  de¬ 
creased  progressively  with  hemorrhage  with  each  an¬ 
esthetic  agent 

As  BPa  decreased  without  alteration  in  heart  rate, 
both  stroke  work  and  minute  work  progressively 
decreased  during  graded  hemorrhage  with  all  anes¬ 
thetics-  However,  rate  pressure  product  decreased 
with  the  inhalation  anesthetics  with  blood  loss,  but 
decreased  with  ketamine  only  at  the  30°o  level. 

As  Q  progressively  decreased  with  graded  hemor¬ 


rhage,  tissue  oxygen  extraction  [artenal-rr.ixed  venous 
oxygen  concentration  difference,  C(a-v)0*j  increased 
with  all  agents.  This  compensation  was  adequate  with 
the  inhalation  anesthetics,  but  not  with  ketamine 
oxygon  consumption  did  not  change  with  blood  loss 
with  the  inhalation  anesthetics  but  decreased  with 
ketamine.  Oxygen  transport  decreased  with  hemor¬ 
rhage  with  all  agents,  as  did  To./Vr» 

Base  deficit  increased  with  blood  loss  with  all 
agents  except  enflurane.  He,  .orrhage  did  not  change 
blood  lactate  concentrations  with  the  inhalation  an 
esthetics,  blood  lactate  concentrations  increased  with 
hemorrhage  with  ketamine. 

No  ventilatory-  measurement  (expired  minute  ven¬ 
tilation.  ventilatory  frequency,  or  tidal  volur  •*! 
changed  with  hemorrhage  with  any  anesthetic  Hem 
atocrit  did  not  change  during  hemorrhage  with  halo¬ 
thane  or  ketamine,  but  decreased  slightly  with  en¬ 
flurane  and  isotlurane 

Comparison  among  Anesthetic  Agents  of 
Physiologic  Sequelae  of  Hemorrhage 

Statistical  analysis  of  comparison  among  anesthetic 
agents  at  each  level  of  hemorrhage  is  presented  in 
Table  tv 
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TABLE  5 

Statistical  Analysis  of  Physiologic  Sequelae  of  Hemorrhage 
m  Five  Anesthetized  Dogs* 


U-.- 

H 

K,i'li.r  1r.11 

K jr’'Pf» 

6K1 

0  001 

0  001 

0  00 1 

0  001 

HR 

NS 

NS 

NS 

NS 

0 

0  001 

0  00 1 

0  001 

0  0 O' 

SV 

NS 

0  001 

0  001 

0  001 

LVSW 

0  001 

0  001 

0  00  1 

0  001 

1  VMW 

0  001 

0  001 

0  001 

0  001 

'-VR 

0  01 

0  001 

0  05 

0  001 

PAP 

0  001 

0  001 

0  00 1 

0  001 

PVR 

0  001 

0  05 

NS 

NS 

cuo 

0  001 

0  001 

NS 

NS 

V 

NS 

NS 

NS 

0  05 

T 

0  001 

0  001 

0  0C  ’ 

0  001 

T  V  . 

0  001 

0  001 

0  001 

0  01 

Pa 

NS 

NS 

NS 

NS 

P-i, 

NS 

NS 

NS 

NS 

pH  i 

NS 

NS 

NS 

NS 

BE 

NS 

0  05 

0  05 

0  01 

H-'t 

0  01 

NS 

0  C  1 

NS 

l  a; MU? 

NS 

NS 

NS 

0  01 

PAP* 

0  001 

0  05 

0  01 

NS 

RPP 

0  001 

0  05 

0  01 

NS 

V, 

NS 

NS 

NS 

NS 

t 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

'  Values  indicate  whether  or  rot  hemorrhage  had  3  statisti- 
i.a.t,  significant  effect  on  indicated  .-matte  o  is  less  than  the 
)i  value  shown  NS  -  c  '•  0  05  Abbreviations  are 
Vtmr*r;  m  footnote  to  Table  1 

A?  i-.fi  It  level  «»t  oligemia  lett-^ded  fill:  ig  pressure 
u.i-  it ;>;h«*r  with  ki-tarmne  than  with  halothane  which 
;:i  turn  wa**  I  igherthan  with  isotIuran>  which  m  turn 
a  1  *■  }  1 , /.her  than  with  t»ntitiram*  Stroke  volume  was 
a : w a \ ••  !. -wrr  with  entiunme  and  ketamine  (no  sigmt 
in*  d.tterem  e  between  the  two)  than  with  isoflurane 
.1  r»\J  tviiotliane  mo  -igpiht  ant  difference  between  the 
•w  -  Heart  rate  was  alwavs  highet  with  ketamine 
than  with  a.i  i.iKi-ation  anesthetics  which  hid  not 
hitter  among  fhemseives  I  hen-fore  cardiac  output  at 
n.-m-iwo'.i-mia  and  duiin.it  10'  blood  loss  was  highest 
with  i-i  tamme  and  lowest  with  enfiurane.  there  was 
no  different  e  between  isoflurane  and  halothane. 
However  a>  blood  loss  mi  reased  O  decreased  to  a 
greater  extent  with  ketamine  t0  120  l  min  perc  entage 
of  oe-od  'oss  i ; near  regression  r  =  0  ooj  than  with 
the  ;nhaiation  anesthetics  i.haiotfiane  0  077.  isoflurane 
0  0** I  enf'uran**  0  058  I  nun  percentage  of  blood 

•  oss  •  =  0  °8  to  l  00 1  -’i'  that  there  was  no  d iff e retie e 

u  *0  affer  20’-  fuood  joss  among  ketamine  IT  58  ± 

0  1  ivtr.t  eofiijrane  (3  52  1  OH  I  min)  and 

•  a  .  'Mane  i  *  10  r  0  !  I  I  riuni  or  after  V*.  blood 
’  *ss  among  keCirrme  i2  H  r.  0  J  5  I  mini  isofiurane 


(2  S3  ±  0.1°  I.  mm)  and  halothane  (2.45  ±01°  L 
mini  Cardiac  output  with  entlurane  was  less  at  all 
levels  ot  oligemia  than  with  anv  other  agent  Com¬ 
pensation  tor  the  decrease  Q  by  an  increase  in  SYR 
occurred  during  hemorrhage  with  all  agents,  but  to 
varying  degrees  Although  there  were  no  differences 
in  SYR  among  agents  before  hemorrhage  after  30% 
blood  loss  SYR  was  greatest  with  ketamine.  SYR  was 
greater  with  halothane  than  with  enfiurane.  which 
was  greater  than  with  isoflurane.  With  all  agents, 
compensation  was  incomplete,  and  consequently 
Bl’a  decreased  progressives  with  graded  oligemia  At 
ail  levels  ot  blood  loss.  Bf’a  was  always  greater  with 
ketamine  than  with  halothane  which  was  greater  than 
with  isoflurane  which  was  greater  than  with  enfiur¬ 
ane 

During  normovolemia  and  at  ail  stages  of  g-.ided 
blood  loss,  no  differences  in  mean  pulmonary  arterial 
pressure  or  TYR  occurred  among  the  anesthetic 
agents  At  each  stage  of  graded  hypovolemia,  stroke 
work  and  minute  work  were  least  with  enfiurane. 
Rate-pressure  product  was  greater  with  ketamine  at 
every  level  of  blood  loss  than  with  all  inhalation 
anesthetics. 

Tissue  oxygen  extraction  at  all  levels  of  hypovole¬ 
mia  was  least  with  halothane  but  did  not  differ  among 
the  other  agents  Total  body  oxygen  consumption  at 
normovolemia  and  at  10%  and  20%  blood  loss  was 
higher  with  ketamine  than  with  the  inhalation  anes¬ 
thetics  at  30%  hemorrhage.  Vo.  decreased  signifi¬ 
cant!  v  with  ketamine.  There  was  no  difference  in 
Vo.  among  the  agents  after  30%  blood  loss. 

These  differences  in  Y<».  were  reflected  in  arterial 
blood  lactate  concentrations  and  calculated  base  ex¬ 
cesses.  In  response  to  hemorrhage,  arterial  blood  lac¬ 
tate  concentration  increased  only  when  animals  were 
anesthetized  with  ketamine;  after  30%  hemorrhage, 
blood  lactate  concentration  was  higher  during  keta¬ 
mine  anesthesia  than  during  anesthesia  with  all  other 
agents.  Similarly,  base  deficit  increased  with  hemor¬ 
rhage  during  ketamine  anesthesia  to  a  greater  extent 
than  with  the  inhalation  anesthetics,  so  that  after  10% 
blood  loss,  base  deficit  was  higher  with  ketamine  than 
with  halothane  and  enfiurane  After  20%  and  30% 
loss  ba-e  deficit  was  greater  with  ketamine  than  with 
any  of  the  inhalation  anesthetics. 

Because  of  their  incomplete  nature,  data  from  two 
additional  animals  have  been  omitted;  these  animals 
died  as  a  result  of  ketamine  studies.  During  a  keta¬ 
mine  experiment  one  animal  died  from  progressive, 
uncontrollable  hvperthermia  and  cardiovascular  col¬ 
lapse  The  other  dog  died  3n  h-.-urs  after  failing  to 
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TABLE  6 

Statistical  Companion  ot  Ketamine  (K),  Haiothane  (H),  Isofluiane  (1),  and  Enllurane  (E)  at  Normovolemia  and  at  Each  Level  of 
Hemorrhage  in  Five  Dogs* 


Normovotemi.i 


BPa 

K  >H  >  1  -»  E 

HR 

K  >  1  =»  E  =*  H 

Q 

K  :>  1  =*H>£ 

SV 

1  =  H  >  K  =  E  - 

LVSW 

K  -  H  >  1  >  E 

LVMW 

K  1  >E 

SVR 

II 

X 

n 

* 

ii 

LD 

PAP 

NS - 

PVR 

NS  - 

C(a-v) 

E  -  K  =  1  >  H 

V 

K  >  1  =  E  =  H 

T 

K  >  H  =  1  >  E 

T  ■  .  V 

H  ->  1  >  E  =  K 

Pa  : 

K  £  =  1  H 

Pa. 

1  >  £  =  H  >  K  - 

pHa 

K  >  H  >  E  >  1 

BE 

¥ 

X 

UJ 

Hct 

NS - 

Lactate 

NS - 

PAP.v 

K  =  H  >  1  >  E 

RPP 

K >H=  l  =  E 

V, 

K  >H  =  E -  1 

f 

K>  1  *H  =  E 

V- 

NS  - 

K  i  H :» E 
H  =  K -  I  >E - 


K  =  H  *=  I  >  E 
K  >H  >E  >  I 


K  =  I  *  H  -  £ 

H  -  l  *  £  •  K 


K  >  H  «•  E  >  I 
E  >  H  IK 


K  E  H  >  I 
E  >  H  =  I  >  K  - 


•  Abbreviations  are  defined  in  footnote  to  Table  t .  NS.  no  significant  difference  among  agents  Agents  fisted  *n  descending  order 
of  magnitude.  >  indicates  all  agents  to  left  of  symbol  are  statistically  (p  <  0  05)  greater  than  all  agents  to  right  a  b  c  >  d  indicates 
a.  t*.  and  c  are  all  greater  than  d.  a  is  greater  than  c.  but  not  greater  than  b.  nor  is  b  greater  than  c.  Similarly,  abed  indicates  that 

the  only  statistically  significant  difference  is  that  a  is  greater  than  c  and  d  a  5  =  c  d  indicates  that  a  is  statistically  greater  than  c  and 
d.  and  d  is  statistically  greater  than  d 


recover  from  a  ketamine  experiment  in  which,  after 
30‘\>  hemorrhage.  0  and  BPa  were  lower  and  base 
deficit  was  higher  than  during  the  comparable  period 
ot  the  haiothane  experiment  in  the  same  dog  No 
deaths  or  complications  occurred  during  or  after  ex¬ 
periments  with  anv  inhalation  anesthetic. 

Discussion 

In  general,  the  influence  of  anesthetic  agents  in  our 
dogs  was  ^miliar  to  that  observed  by  others  in  dogs 
(10.  2I-2*3)  and  m  man  (30-3°)  (Kopriva  Cl  Hemo- 
livnamu  effects  of  intravenous  ketamine  in  patients 
with  coronary  artery  disease  Ahstraits  of  Scientific 
Papers  Annual  Meeting  of  the  American  Society  of 
Anesthesiologists,  Oitober  I°74.  pp  233-4)  No  other 
studv  has  directlv  compared  these  four  anesthetic 
agents  in  the  same  animals,  although  Miller  ct  al  (40) 
recently  compared  haiothane.  enflurane.  and  keta¬ 


mine  in  normovolemic  rats.  Differences  between  the 
two  studies  may  be  a  result  of  differences  in  species 
and/or  experimental  protocol. 

In  comparing  these  four  anesthetics  during  nor¬ 
movolemia,  only  ketamine  produced  cardiovascular 
stimulation.  Enflurane  in  equi-MAC  concentration 
produced  greater  cardiovascular  depression  than 
either  isoflurane  or  haiothane.  All  inhalation  anes¬ 
thetics  decreased  total  body  oxygen  consumption,  but 
only  haiothane  and  isoflurane  reduced  oxygen  de¬ 
mand  more  than  oxygen  supply. 

Comparison  among  Anesthetic  Agents  of 
Physiologic  Sequelae  of  Hemorrhage 

The  cardiovascular  stimulation  seen  with  ketamine 
during  normovolemia  persisted  during  hemorrhage 
At  all  levels  ot  blood  loss,  left  heart  filling  pressure, 
heart  rate  and  mean  jrtenal  blood  pressure  .vere 
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.livv.iV'-  gre  itest  wit ‘'•iiv ;..i : -\  .n 

put  dec  tra*ed  more  w  : t i’  !■!,•«  -  Jinny  « »•’  i:\ 

ane*thes|j  than  during  anesrht*,.i  w:?n  a::\  . -r  v.- 
mhaution  anesthetic*  Alter  50  bun-d  *.•.■  -y 
tis?u  ai  difference  ,n  cj  ^uiirr-’J  air>  ty 
isofiurane,  and  halothane  A*-  .1  n-si;,t  m.uutr  ric 
rate  pressure  product  and  out’ll  ,  on*tKr.ptu*n  Jur 
mg  hemorrhage  were  always  highest  with  ketamine 
After  3  O'1'  blood  V,,  do  :ea*rd  with  ket  am.ne 
blit  did  not  change  with  t tit*  mhaiatien  aneymt.c  * 
*uggestme  that  oxygen  cfemand  i\js  ::>>!  m.rr  .it  tin* 
level  ,<f  i’iov-d  .o*’*»  during  ketarr my  anrsthe-u  I  hi* 
hypothesis  is  supported  In  the  more  pronoun.*.  J 
changes  in  base  m  response  to  hemorrhage 

with  ketamine  and  bv  the  in*  :ea*e  m  hiood  :a*  taro 
concentrations  seen  *>ni\  with  ketamine  dinin'.*,  hiood 
los*  It  is  wed  dt«t  mnented  that  hemorrhage  increase* 
sympathetic  activity  t41i  Siort-term  benefits  or  *iu  h 
stimulation  are  obvious  increased  .ardun  output  and 
moan  arterial  hiood  procure  It  is  tar  from  clear  that 
the  i  ardiovascuiar  gain  :*  north  the  metahoiic  price. 

Our  result*  are  m  some  wavs  analogous  to  those  of 
These  et  al  (~).  who  lompared  survival  times  during 
removal  or  0  to  ’0  mi  kg  or  blood  from  ventilated 
do>;s  with  intact  spleens  who  weir  anesthetized  with 
1  \\  lopropane.  haiotham*.  or  isofiurane.  Before  blood 
loss,  «.  vu'opropane  resulted  m  higher  *  ardi  u  output 
and  mean  arterial  hiood  pressure  than  either  halo- 
thane  or  isofiurane  The  authors  (7)  attributed  their 
results  to  higher  arterial  com entratioris  of  epineph¬ 
rine  during  cvtlopropane  anesthesia  Their  obsrrva- 
tioris.  m  part,  also  1n.1v  have  been  .1  reflection  of  the 
direct  vasoconstrictive  action  of  cyclopropane  (42) 
and  or  its  lesser  nrtjmvoc  ardiai  effects  1 4 A i  With 
hemorrhage.  O  and  Bl\i  decreased  more  with  cyclo¬ 
propane  than  with  either  inhalation  anesthetic,  and 
arterial  epmephnne  increased  more  with  cyclopro¬ 
pane  than  with  either  inhalation  anesthetic.  Total 
bodv  oxygen  consumption  decreased  the  most  and 
arterial  lactate  c  omentration  increased  the  most  with 
cyclopropane  Survival  time  was  shorter  with  cyclo¬ 
propane  than  with  either  isofiurane  or  halothane.  Our 
results  with  ketamine  are  similar  to  those  obtained 
with  cyclopropane  (7)  By  anesthetizing  our  dogs  with 
each  anesthetic  agent  and  following  an  identical  hem¬ 
orrhage  protocol  each  time,  we  found  that  ketamine, 
like  v  vciopropane.  does  not  appear  to  be  as  useful  for 
maintenance  of  anesthesia  during  hemorrhage  as 
agenfs  that  are  not  sympathetic  stimulants 

l. ongr.ee. ker  and  Sturgill  i44*.  using  rats  that  were 


*■-  Si't  1  *  '  ‘-'i*  *  *  I  hour  found  .1  higher 

.  ’..1  * .  1  * •  •  *  Mi*-  ??■«•!:/**«  with  ketamine  than 

.  *  ti;  ■  «  iv,  •  :*  1  ■  /.  J  ,\:t:-  p*-r rofarbit. u  .»r  ha, « »thane 
i  ,-n. c- er  a?’.:  ‘•turgul  -p«s  mated  that  ketamine 
f-a\e  •»*,  :*\i  c  *.  rate  .n  th*-s»*  animals 

a  hakim  t*  betw**rf  *  \  g»  n  demand  ar.  j  deii\  - 
erv  'n.i  "'.iiiiMii'i'c:  Howes*-:  :iu-v  dud  n  1  >t  measure 
bus*.:  g  1  -  «arU:u  output  regional  blood 

tn'\\  osygen  » onsumption  or  blood  ijetate  lunu’n- 
traticn  1  hit  Jogs  re^ured  a  higher  h,,  to  maintain 
I’.i. .  .it  IcV  r,»rr  wh«’n  an**sff!t*t?/ed  with  the  :nhalatic»n 
aiu*s»b.et*.c  -  :han  wiien  anesthetized  with  ketamine 
Kec.m-  e  I  onguet  ker  and  Nurgiil  ->  rat*  breathed  room 
air  it  1  pos-.bie  that  tiu-ir  ammai*  which  were  anes¬ 
thetized  with  ha»othane  were  hvpcwu  ,*\lthc*ugb  we 
dici  not  measure  regi,*i  a  b  >>od  ticnv  .*r  metaboli*m 
c»iir  total  N>d\  vi.u.i  vi  «  ■  1  -upport  the  •'c*ncepr  that 
ketamine  maintains  a  ;\i. **  between  oxygen  do¬ 
main!  ami  den\  er\ 

The  .n  k  ,<r  1  lian.ge  m  :'-  a:t  rare  with  hem, -ft bag** 
that  wx*  noted  has  .h-,,  ;,.-en  c»b*er\c*d  prevlV'u*lv  bv 
others  (3-5u  Reviewing  se\era»  hundred  of  hi*  ,'xper- 
intents  on  dc'gs  \\igg«-r*  -  15 1  noted  that  heart  rate 
response  to  hemorrhage  was  -omewhat  variable  He 
found  that,  in  general  when  heart  rate  was  initially 
below  100  beat*  per  minute,  it  increased  in  response 
to  hemorrhage:  that  when  it  was  initially  150  beat* 
per  minute  or  greater,  it  tended  to  decrease  m  rr- 
spoiw  to  hemorrhage  Inasmuch  as  the  initial  heart 
rates  or  our  dogs  were  approximately  120  beats  per 
minute,  it  is  not  surprising  that  heart  rate  did  not 
change  with  hemorrhage 

In  man.  duration  of  anesthesia  alters  the  cjrdiovas- 
cular  actions  of  halothane  (35)  and  enflurane  (30  31) 
but  not  of  isotluiane  (37  38)  There  is  no  evidence 
that  sue  It  tecovorv  ouuo  in  dogs  tac  h  or  our  studies 
took  several  hours,  the*  mean  time  between  induction 
of  ano*thesu  and  measurements  made  after  30% 
blood  loss  being  282  minutes  The  measurements 
taken  m  normovolemic  animals  during  the  early  part 
of  the  anesthetic  procedure  and  those  taken  late  in 
the  anesthetic  procedure  after  return  of  the  shed 
blood  did  not  Jitter  significantly  Also,  during  several 
hours  of  ketamine  anesthesia  without  hemorrhage, 
measured  and  calculated  variables  did  not  change. 
These  two  facts  indicate  tha‘  no  functional  mechanism 
altered  cardiovascular  function  with  time  during  an¬ 
esthesia 

As  our  animals  breathed  spontaneously.  Tarn,  var¬ 
ied  among  anesthetic  agents  (Tables  5  and  t>)  The 
dogs  were  miidlv  hvpocarbic  with  ketamine,  hyper- 
carbic  with  isofiurane  a  *d  nearly  normocarbw  with 
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haiothane  and  entiurane  Cardiovascular  stimulation 
cjiiM'd  in-  vurbon  dioxide  is  blunted  by  haiothane  '35. 
3o).  isotiurane  (37).  cyclopropane  (46),  and  fluroxene 
il~)  Cardiovascular  depression  seen  with  entiurane 
during  controlled  ventilation  (31)  is  eliminated  when 
l\\.  i>  \s  Allowed  to  increase  with  spontaneous  venti¬ 
lation  (30)  However,  after  several  hours  of  entiurane 
anesthesia  with  spontaneous  ventilation  in  volunteers. 
Pa, »»  returned  to  near  normal  values,  but  cardiovas¬ 
cular  depression  did  not  become  evident.  Thus,  at  the 
time  we  performed  our  measurements,  it  appears  that 
the  relationship  of  cardiovascular  stimulation  by  CO.- 
during  entiurane  jnesthesia  is  altered.  Jt  is  possible 
that  differences  in  fV«i.  influenced  our  results.  There 
are  no  data  regarding  the  interaction  of  hemorrhage, 
anesthetic  anesthetics,  and  carbon  dioxide,  however, 
the  relatively  mud  hypocapnia  seen  with  ketamine 
leg  fVo.  33  torr  at  3C°j  blood  h-M  is  not  likeiv  to 
have  resulted  in  mj|or  hemodynamic  changes. 

Clinical  Implications 

Our  Jata  suggest  that  ketamine  may  be  less  desir¬ 
able  than  hj/othane  or  isoffurane  for  maintenance  of 
anesthesia  during  moderate  hypovolemia.  However, 
it  mav  be  inappropriate  to  translate  these  studies  m 
animals  directly  to  man.  Differences  and  similarities 
in  the  cardiovascular  effects  of  anesthetic  agents  be¬ 
tween  man  and  dog  during  normovolemia  mav  not 
be  the  same  during  hypovolemia.  Finally,  our  exper¬ 
iments  did  not  stud v  the  effects  of  anesthetics  used 
tor  induction  of  anesthesia  in  the  presence  of  preex¬ 
isting  hypovolemia  and  consequently  we  can  make 
no  comment  in  this  regard.  The  considerations  and 
consequences  of  producing  acute  sympathetic  stimu¬ 
lation.  as  during  induction  of  anesthesia,  may  not  be 
similar  to  those  during  the  more  prolonged  mainte¬ 
nance  of  anesthesia. 

AC  KNOVVLF.rH.MtN  T  S 
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k. iiii>i\n  k  Kii'uijn  Kkhmi  H  \W‘i-ki*pl.  \J.n>  I  InwinUA.  ami  Karen  l<  (  luuluick 

l. :’  :  • !  ill  \  •  ■  -  S  .  I '  ■ ' !  "  :  i '  l\..,iKh  I  h.  I*!  ,  .uilo  Vili  I  I  .til.  ■  .till  ■»!  II*.:  **4  !  ’•».  ,;nd 

I  X'p  i  'aii  .1  \:K  'I  I  !  I  !!IU-Mi.  ■!  <  .i.tl. MU  =  S.H1  I  ;  Mil!.!  '141  i  '  I  S\ 


;t\  in  h  0".-  o  g  I  .'"in  oxygen 

1  shout  •.  *  t»'ue  Dior.".!  naso- 

Its  i a i  -vdSf  it-  calculated 
a..  ••*.•  .nr*e*ences  in  acidity 

i r  :  up :  ;  1  ,i[;  i  ri .  .-.c  have 

•••  <:.!•  •  :  .  J'lir'o  H,i  SC— 0  «  C  t'SS 

•  ,  :  ‘  .»[  ;  r\.  «  l:  -dt.eiy  34‘- 

•  •  •  •, jl  ,e  for  human 


c  an  i  re 
» 1  ;r .  canine 
i*.  i  '■ ,  u\\  :en 

n-ri'i.  t  l  Of 


-  .  leoxy- 

.  •  ■  .  •  .  '  ,  frt'.t  iar- 

,  .  .  :  ••  :  •  : a •  <  .  •  i  ' .  r  dwa '  .is ,  am: 

:  *  (••  ;  t  >  s  i  ’  a  I  siq- 

■  .  •  *-,  :  -  * .  ,■ ,i**d  dele  ■'••m  ned 

•  ••  i  '  :  i  r.  (  hanqes  !  he 

a.  •  •  .  a r  1  e ’d.  when 

.  '•m*.!.*i  n  he  tween  2,3- 

■ ,  -  •  ,  an.;  t he  Haldane 

•  ••  •  .  •  • .  •  •  ,  •  *  e.  *  i..n  fa<  tor  for 

••  i*  ,  •  -f  •  •  •*♦*<'« a;-- 1  /■(•.•  J  by 

•  .  «■  •  -a.4- o1  s  hy  oxygen- 

•  .  :*  ..  •••  >  1  :  i  »* : *  •  ;  r<jv  be  expressed 

.  -  ■ ' .  where  .v.;!  is  the 

•  .  •  •  .»  ;  »l  result  ;t  hw.oyl  obi  n 

•*.>•■  i  -  .  i  *  n  i  :-j»i-e«ccss  correction 

.  4  *  • .  •  '  .  -  •  :  *  is  the  f  rad  i  on  1 1  s  a  t  - 

•.».}•'  ■  •*  »’t<"  I-  ’  r>.  siqqaard-Andersen  and 

f  .’1.  1  r  ;;  ,  I  re; !  e  Sut>  )CCt  with  normal 

:  and  2 ,  concentration,  the  val- 

t.r  the  :  as*- excess  correction  coefficient 
t  ■  .^i.  •••:  ;  •;  when  the  Hb  concentration  is 

e*pt  py,i"i  m  i  *:i.  •  ;r  »j.3L5  nLq/nniol  when  the  Hb 
■  irt.ent  r«i?  l  =11  is  expressed  in  -nmol  heme  per 

••  u  • :  y  e  v  *•  t  a  1  .  1  *  e  s  1 1  n  a  t  e  d  <*.  [  h  f.  0  3  “  ]  ' 
t r  .  anne  M-.od,  hut  because  of  the 
variability  in  fneir  data  and  the  absence  of 

•  * -as .-.rc-nerd  d  /,  l ■  <.  one  ent  rat  1  ons ,  we  have 
estimated,  f  ■  j  r  caniru-  ‘.•lood,  the  base-excess 
remoal'ibin  <U- i,rat  i on  .orrect ion  factor. 

‘  1  f ty  ri  1  1 1  1 1  tors  of  arterial  blood 
were  drawn  frnr  each  )f  four  healthy  dogs  into 
,:lass  synnges  _ontainin.;  heparin.  One 

nil  lil  iter  i.t  each  10;' s  blood  was  set  aside 
vii-  Icti.  Midtu-n  ■■)(  i.  .  J-JPI,.  1  I 


henoglobtn,4*  and  met  hemoy  1  00  1  n  concentra¬ 
tions.  The  rest'd  1  ni ny  49  ml  of  each  sangle  were 
divided  into  6  ground-y 1  ass  syringes  and  placed 
in  ice  for  later  preparation  and  analysis.  1  tic- 
res  u  1 1  an  t  6  blood  s  amp  1  e  s  f  r  or  cat.  h  j  jo  we  »•<  ■ 
tonometered  at  3o°C  with  gases  .1  1 ^ 

bOO  torr  and  PCO^  25,  4(.) ,  or  bb  *  err.  oases 
for  tonoivetry  were  prepared  on-line  with  i.^, 
t'^,  a  *id  **2  using  a  ga  s-  ir  i  x  i  rig  tl  owe  ter. 
Pu'2  and  P«w02  of  the  mi>ed  gas  were  r,  unit  br¬ 
ed  continuously  by  mass  spectroscopy  .Perk  m- 
E  li^er  MG  A  IIOCA)  and  adjusted  to  hhe  desired 
partial  pressures. 

Hemoglobin,  2,3-OPG,  and  oxygen  concentra¬ 
tions  and  P0£,  Pl'P'2*  and  pH  were  reasir-ed 
for  each  syrimje  blood  sample.  All  i.lood 
tensions  were  measured  at  38° i  ,  1  r*  duplicate, 
with  Radiometer  electrodes  (£5046  and  1  5 •  3,, '  in 
Radiometer  steel -and-g  1  ass  cuvettes  jbli>'. 
ilectrodes  were  calibrated  using  ;as  mixtures 
previously  analyzed  in  triplicate  b>  the  ■'■ethix! 
of  Scho lander.^  calibration  gases  of 
0 r  9 1} . c- Q?>  0 2  and  3 . 33t ,  5.20 %  0 •  u  .  3  ’ 4.  i. . ’  •, 
were  selected  so  that  calibration  was  ppr-ftmaed 
with  the  5 1  a  n  d  a  rd  P  0 2  or  P  C  0  2  closest  to 
the  expected  blood  gas  value.  The  appropriate 
calibration  yas  was  measured  before  and  after 
each  blood  measurement.  The  pH  of  each  blood 
sample  was  measured  at  3c,0L  m  duplicate  using 
a  beverinyhaus-U'C  p“  electrode^-'  calibrated 
with  Radiometer  precision  buffers  p):  '.381  and 
ft ■  3d: )  in  3  111 1  glass  amp u  1  e s .  i h e  / .  jo  1  bu  ffer 

was  measured  before  and  after  each  clot1'.!  1  r 
measurement.  flood  gases  and  pH  were  corrected 
for  electrode  drift  as  necessary  and  PO2  was 
also  corrected  tor  the  blood-gas  factor-.'' 
PO2  values  of  fully  oxygenated  samples  wore 
read  every  15  s  for  5  min  after  placemen*,  of 
blood  into  the  cuvette.  True  PO2  was  estima¬ 
ted  by  plotting  PO2  against  time  and  extrapo¬ 
lating  the  linear  fall  of  PO^  to  the  time  of 
insertion  of  the  blood  into  the  cuvette.  Ihe 
O2  concent  rat  ion  of  each  blood  sample  was  mea¬ 
sured  in  duplicate  using  an  electrolytic  coll 
'  Lex-02-con-TL ,  Lexington  Instruments'.^’ 

Log  PCO2  was  plotted  against  pH,  and  least- 
squares  linear  regression  lines  were  drawn 
through  each  set  of  3  points  of  equivalent  hemo¬ 
globin  saturations.  The  base-excess  was  esti¬ 
mated  at  the  intersection  of  the  computed  line 
and  the  base-excess  curve  for  dogs  as  determined 
by  Scott  tmuakpor  et  al.^  The  difference 
between  the  estimated  base-excess  (in  nmol  I: 
of  oxygenated  b!<iod  was  used  to  calculate  ■;  a 
correction  factor  without  units):  =  Abl /Lbbj 

( 1  -  Si  >2  ] ,  where ,  in  l  ecp  i  ng  with  the  t  enn  1  no  1  oyy 
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|v‘ia  S  |  (I  IOH  11(100  cm  1  M  1 


<:T  i  .i'Miii  i!-  ...ncerseri 
l  hr  near  concentration  in 
c  Mr  -;  t  o  the  presence  ut 


ai  -.let un- 1  ned  the  mean  '♦  9L  J  canine 
■ns-,  c  or  ’tv.  t  i  )  n  1  actor,  ,  to  be  u.43  * 
i  rase.- mmol  heme  'or  0.27  ♦  -J .(H)  7  fruno  1 
•;b’.  *he  range  of  in  the  four  .:ogs 
.4  i  1 1.  Mean  differences  (*  9D, 

a  ted  without  regard  t  o  sign)  between 
ite  analyses  of  all  sanf  Ses  was  G.4  {t 
t f-rr  at  ?'  I)?  =  29,  ■  *  (1.2/ •  to rr  at 

-  40  torn,  and  o.6  *  G  .  3fc )  torn  at 

n1.  turr.  [he  mean  difference  betv.een 
ate  yt\  analyses  was  U.fJOlb  ,t  0.0013)  pH 

:e  mean  .  «  si.!  slope  of  trie  cu>. ated  li- 
rgression  of  ii>g  Pci^  vs  pH  was  -1.61 
4;  range  of  r?  -  J.99K  -  1.000',  which 
closely  with  the  value  of  -1.96  It  0.06; 
v  Rossi -Bernard!  and  km.ghton.^ 


f  f e c  t  of  Technical  P ret i s l on  on  Resul  t S : 
curacy  of  the  detenri  nat  ion  of  re  lies 
1  on  the  technical  precision  of  pH  and 
■ea su recent s.  The  effect  of  possible 
in  the  measurement  of  blood  gases  on  the 
value  of  was  examined  by  altering 
■  v id  •  esults  by  one-half  the  mean  differ- 
’  ►*  t.  w*-t*n  duplicate  analyses  uf  samples,  so 
'•eate  a  maximum  possible  change  in 

•  were  calculated  using  the  methods 
:.i-!  above.  ;'he-.e  calculations  resulted 

mt!  •  i'">a  I  decrease  i r»  of  0.026  (♦ 
r  a  mean  maximal  increase  in  of 
•  •  ..... 0  ' .  However,  the  agreement  of 
-d  log  vs  pH  with  those  pub- 

■  >  h  o  s  s  i  - e  r  n  a  r  d  i  a  n  d  k  o  u  g  h  t  o  n ,  1  ** 

*  ou r  points  by  linear  regression 
*  r<2  ;  0.99H  i.Ofji:),  and  the  small 

•  1  :  ?i  the  estimated  among  the  four 

-  -st  that  Our  error  in  measuring 
j*  •  »H  was  considerably  less.  In  our 
L*  ’  ■  .  using  the  sane  procedure  and  the 

-  ■  s  curve  of  9 i ggaard- Andersen ,• 9 

•  of  normal  human  blood  is  0.33 
I  ,  which  corresponds  closely  with  the 

0.32  published  by  9 i gga a rd- Andersen 

1  »  ’  i,<; ,  20 

<?c h  Jog's  hemoglobin  and  2, 3-JPG  concen¬ 
ts  were  measured  seven  times.  The  'A  for 
lob  in  determinations  did  not  exceed 
;i  i  1  for  any  dog.  error  in  the  measure- 
f  hemo'j.obin  c  one  ent  rat  i  on  should  not 
ea.ed  an  error  greater  than  17.  in  tic 
Mon  i,t  .  2,3-DPG  concentrations  of 

were  found  to  be  within  the  normal 
f  It  .4  '*  i.A)  unol  cer  g  Ho  for  Jogs.) 
Tuhtiy  higher  tor  one  dog  may  have  been 
v  it*,  somewhat  elevated  2,3-PPG.  we 
t  investigate  the  effect  of  2, 3 -JPG  on 
,  nor  arr.  we  aware  of  such  inves- 
i  on  having  beer  performed  by  others, 
ffect  -f  v  hanyes  on  Pf.u  and  pit  on  £1- 
i  ch.io;es  in  P(  (' >  and  pH  are  known  to 
,  the  effect  is  very  small  it  no  acid  or 
is  added  and  blood  base- excess  remains 


rohtiy  h  ighe 


blood  Tails  vnir  i!  tin.-  *  .  ;•  * 

although  unable  Is  directly  -'eau.,'*-  :  ;■ 

found  the  correct.  i»-ri  fast;  '  f  1  *  j  a*  '  ■  '  * 

ne  approximately  -j.44  ;:  l  c,  ::v  <_ !  .r  .2 
pH  7. 3-/. 9.  However,  more  fucer:*  I  ,  ' 

Andersen  and  sailing^-  rave  sidc-r  Me.  • 
ue  for  of  C-.32  rtg/mmol  •  •  : . /  4 

human  blood,  and  we  have  ennf  i  r-i.-:  *)j*.  . 

in  our  laboratory  -unpublished  dale  .  v  •• 
ti mated  value  of  for  canine  bleed  i -  aj  i  r  ■  ‘ 

mately  341  larger  then  that  to-  i  /'c'1  : 

Use  of  the  human  t. local  value  t  .  • 

rect  canine  blood  base-excess  n.--.,!4.-.  ’  r 
relatively  small  error  in  the  .  .-c:  :  u 

excess  value.  At  9'r  desat  ..r at 1 1  ,n  ,  v.'-A 
normal  canine  Hb  of  10  nmul.’l,  use  of  the  f..ia 
value  for  instead  of  the  canine  val.-e  ■  r-*_. «, 

t.  i  mates  the  true  base- excels  by  a|p*  •. i"  at ‘-I 
0.6  mnio  1/1 .  we  do  not  have  a  clear  e»plarati 
f or  the  difference  between  our  carint.:  vai.je  an 
9  i  ggaard- Andersen  and  Sailing’s  and  cu'-  ow 
human  values.  iicth  human  and  duo  tiw  ug  I  ui.  i  r 

have  identical  anino  acid  compos  it  ions  at.  lb 
sites  that  are  i  hewn  to  bind  '2*"  • 

possible  that  ammo  acid  differences  at  ;f' 

I  oc  a  t  i  on  s  re  suit  in  a  H  e  r  a  1 1  o  r  is  o  f  sec  ot ..!  a  r'\  • 
tertiary  structure  of  lamne  f-Liregl .  >  tr- 1  r ,  t'M'e 
by  changing  its  oxygen- I i nked  hydrogen  icn  : i ud 
ing,  however,  there  is  no  dmect  eviduns t 
support  this  concept.  Alternatively,  -Ac  high 
er  value  for  in  dogs  could  :e  a  result  c 
greater  2,3-JHG  concent  rat  i  cn.  ■  Vn:,:I  ca:.ir 
b  1  ood  2 , 3-  DPG  c  one  ent  rat  i  on  'is.  4  ♦  I  .  4  ,.r  <. 
per  g  Hb)  is  greater  than  tfiat  of  hun-an 
'11  .y  4  1.4  a  mol  per  g  IIP).1  2,3-9HG  inter 

feres  with  carbamate  formation  by  ten'imal  'c 
groups  of  the  beta  chains  of  the  Hb  molecule 
t  fi  t*  re  by  r  ed  u  c  ing  the  fii ;  binding  c  a  p  ac  1 1  > 
hemog 1 ob i n. 3 ,  HT, 1 9  ,] ggaard- Andersen  an 

Sa  1 1  i found  that  it  human  blood  wos  :ej  1 1 
ted  totally  of  2,3-DPG,  the  base-excess  correc 
tion  coefficient  decreased.  Their  data  cnlv  ir 
eluded  these  two  points  (normal  and  ('  '  ji 

thus  do  not  allow  for  detailed  asses smi-nt  i 
the  effect  of  variation  in  2,3-uPG  concent 
Lion  un  the  value  of  .  Although  we  .id  not  $v? 
temat  ica  1  l.y  alter  2,3-UPG  concentration,  ou 
('.ata  appear  to  support  the  limited  observatic: 
of  Siggaard-Anderscn  and  ua  1  1  ;  ng2f'  that  varit 
directly  with  2, 3-JPG  concent  rat i on,  this  re ’a 
ti  unship  oay  account,  in  [art,  tor  the  bight 
in  dogs  in  comparison  with  man. 
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Anesthesia  for  Major  Trauma 


Richard  H  Wciskopf.  M.l)  .* 
and  H  Runic  lairlct/.  M  R  .  />  S  * 


Tins  article  will  rmpliasi/r  the  anesthesiologist  s  re *1*  ill  (lie  nianaUenieiil  of 
patients  with  iii,i|or  trauma.  par 1 1<  ularlx  those  features  that  relate  to  airw  a\  nian- 
amain  nt  ami  fluid  ivsiiM  it.it ion  lYohleins  pet  uliar  to  suinc  oj  tin  more  eniiiiiinii 
mator  mimics  will  also  l>r  outlined 

INITIAL  I  N  M  I  N  I  ION  \M)  M  WACI  AllA  I 

Ainvii>  and  (dis  Kuhanm.1 

(hi  airi'al  in  tin  i  •nur^eiu  \  mom.  all  senouslx  tranmatt/cd  patii  tits  should 
receive  oxxiicn.  sinte  ni.iux  ph' sioli  »mt  sequelae  of  tiaimia  result  in  arteri.  lop<w- 
emia  while  (lie  patient  is  hreathinu  an  I  he  dies!  should  he  auscultated  hilateiallv . 
and  il  there  is  am  question  of  a  possible  <  In  s|  minrv  .  radiographs  should  he  ohtauu d 
1 1  r  1 1 1 1  ( *(  I  l.it  t  *  1  \  Heniotluuaees  « »t  pin  Uinot  hoi  at  es  should  he  relieved  h\  plat  eluent 
of  la!  LI*  hole  t  best  tu!*es  I’atielils  in  whom  s\stemte  hlood  pressure  Is  unobtainable 
let  June  im  tired  la  1 1  Hit  u  hat  ion  of  tin  trachea  and  vent  ll.lt  ion  w  ith  lOt)  per  cent  oUlit  n 
as  pal  t  tin  initial  eiuei<_u  m  v  imoiii  lesiise  1 1  at  ion  setjueiuv  rapid  inti a\ enoiis  fluid 
athniiiisti atlon  and  if  m  o  ss.n\  thoia<"toiu\  and  aorta  t  less-elainpimi  l  ived 
dilated  pupils  ui  and  o|  themselves  are  not  an  accurate  indication  »>f  irreversible 
tentral  m  i\«>us  sxstem  damage  and  do  not  i  onlramdu  ate  .impressive  ni.inaueini  iit 
at  this  turn  It  an  esophageal  ohluiatoi  has  her  n  prexiouslx  inserted  it  should 

not  hr  removed  until  tin  airwa\  is  pmtci  ted  with  an  endotv.te!»e.d  tuhe  because  of 
tin  likelihood  of  it  aim  liitatn  ti  of  ipastnc  eontr  nts  and  tin  possjhilitx  ol  subsequent 
aspi  rat  ion  I  ’at  lent  s  who  an  market  llx  h\  p<  »terisi  \  e  despite  rapid  int  rax  em  mis  i  illusion 
alsrr  require  earlx  iirtuhatioii  to  suppoit  a.is  exchange  and  proha  t  the  atrwax  siriee 
cerebral  ischemia  eonitnonlx  ransi-s  museul.  r  flaeeiditx  ind  l ciiuruit.it ion  of  ipastrie 
contents  The  decision  as  to  when  to  mtuh.  te  a  hx  poteiisix  e  axv  ake  patient  in  tin 
emrnieni  x  room  is  difhi  nil  t < *  make  these  patients  are  usiiallx  eandidates  fm  im¬ 
mediate  siiruerx  because  of  riiiilmiiiiiU  s^ioss  hemotrhaipe  If  anesthesia  is  net  essarx 
tor  intubation  ot  tire  trachea  we  use  a  ketanmie-siie<  irx  It  iiohiie  sei|ueme  describe  d 
later  in  tins  article 

•  X-.-.K  Mil  -sn  I  )>  >>t  \lu  si  111  M.l  t  Ills.  «  ^  |  r  s  lilt  ,|f  |}|  >t  III  I  S.lll  ll.ltKISl.-  <  lllf.'l  III. I 
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i mull  i'raetures  and  t  pper  Airway  Injuries.  \irwav  .inm  smiii nl  is  the  main 
earlv  requirement  in  this  eroup  of  patn nts  Massive  facial  mimics  max  result  m 
nasal  obstruction.  oropliar a  nueal  edema,  and  liematomata  of  such  magnitude  th.l 
ilium  a  hate  tuchcot  oim  i »»  nin  >tli\  n  ud  otoniv  is  neeessarv  m  tin  ciiierHencv  mom 
In  all  other  rases,  the  rate  ol  progress  oi  an\  swelling  in  the  uj)j)ri  airwav  must  he 
e\  aluated  I  ln“  principle  is  to  insure  the  maintenance  of  a  patent  airwav  and  to  avoid 
limitation  o|  available  techniques  1»\  sudden  airwav  obstruction  In  patients  with 
majoi  fractures  of  the  mandible  and  maxilla  l.el'orte  III  in  whom  massive  edema 
has  \et  to  occur,  oral  intubation  is  preferred  ami  is  iisiialk  easilv  ac<  omplished. 
should  it  be  required  In  the  most  obtunded.  the  trachea  max  be  intubated  without 
anesthesia.  II  this  situation  is  misjudged  vomiting  max  occur  and  stiomj  suction 
must  I »e  umiiediatelv  available.  blind  nasal  intubation  mav  lie  hazardous  because  ol 
potenti.il  false  passages  into  nasal  sinuses  and  the  cram.it  vault  and  the  possibilitv  ol 
dislodiiinil  loose  bone  and  tissue  It  is  unusual  for  an  alert,  cooperative  patient  with 
facial  injuries  to  require  intubation  in  the  euierijencv  department  I  low  ever  if  this 
is  neeessarv  the  alternatives  for  direct  larv  nuoscupv  and  intubation  are  1  topical 
anesthesia,  sprav  inii  of  an  anesthetic,  and  advancing  the  larv  mioscope  m  a  series  of 
stages  oi  2  O’ln  ial  anesthesia  w  ith  preow  rienation  cricoid  pressu.-c  thiopental  or 
ketamine,  and  succinv  Ichohne  I  t. u  lures  of  (he  mandible  alone  iisuallv  do  not  cause 
airwav  difficulties  when  the  larv  n \  is  noimal 

Inpiries  of  the  larv  n\  mav  cause  rapid  respiratorv  obstruction  and  require  ini- 
mediate  tracheotomv .  In  less  urgent  situations,  and  when  assessing  the  possibilitv 
of  such  an  injurv .  a  historv  * >!  trauma  to  the  head  and  neck,  stridor,  hoarseness,  and 
crepitus  in  the  neck  .ire  all  si  idlest  i\  e  Ihe  most  frequent  cause  of  a  fractured  larv  nx 
is  direct  force  from  a  deceleration  nmu  v  \  fracture  in  the  region  of  ( .(>  or  ( !T  is  a 
common  association  Three  useful  evaluative  tests  lor  larv  nileal  I  rat  turc  are  I  askim* 
tin  patient  to  make  a  hiiih-piti  lied  e  sound,  w  hu  ll  requires  mobile  ericoarv  teiioid 
joints  normal  tense  cords,  and  function  mu  intrinsic  larv  i  meal  neuromust  ular  mech¬ 
anisms  J  mdncit  larv  mioscopv .  ami  >  radiomaphv  of  the  larvnx.  especial!)  .  a 
computerized  axial  tomographic  (  \!  scan  II  uncertaintv  exists,  fiberoptic  larvn- 
^oscopv  mav  be  performed  under  topical  anesthesia  If  this  tvpe  of  uijurv  is  siis- 
pet  ted  all  pi  issible  mfoniiation  should  be  accumulated  prior  to  induction  of  •'eurral 
anesthesia  since  larv  mica  I  obstruction  mav  occur  durum  attempted  tracheal  intu¬ 
bation  I  he  lattei  mav  cause  mucosal  stripping.  bleediiiU  o?  displacement  of  trac- 
tmed  cartilage  into  the  airwav  lumen. 

When  a  fractured  larvnx  is  present,  larv  m*nlissurc  and  repau  of  mucosal  lac¬ 
erations  and  cartilage  Iraclures  are  frcquentlv  carried  out  <  lassn  <i  1 1  \  ,i  tracheotomv 
unde;  local  anesthesia  is  performed  fir  st  \ltei  uativ  elv  .  there  are  recent  reports  of 
successful  tiachcal  intubation  (liromdi  the  glottis  I  his  should  he  attempted  onlv 
in  the  preseme  i»t  the  most  benign  preoperative  {indiums  and  when  l.irv  uueal  visu¬ 
alization  is  excellent  It  a  tracheotomv  is  neeessarv  m  an  uncooperative  child,  it  mav 
be1  accomplished  following  a  small  dose  of  ketamine  as  a  supplement  to  local  anes¬ 
thesia 

In  all  dise\  i>{  possible  anu m,  compromise,  ultra  it  is  nmirfain  whether  the 
pioposetl  anesthetic  mam  in  er  s  will  In  successful .  that  is  if  aim  a  if  oh  stem  turn  could 
mi  in  flu  procedures  should  he  earned  out  in  an  operating  room  with  <  ipnpim  at 
and  piisonml  n  ad  y  fa  iinnu  diate  t  ra<lui>tomif 

Head  Injuries.  \  hiiili  percentage  of  unconscious  patients  with  recent  head 
lupines  require  intubation  for  one  or  more  of  the  follow  mu  three  indications  I  to 
over*  onie  airwav  obstruction.  2  to  prev  cut  aspiration  ol  secretions,  and  >  to  insure 
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a  cri  \iral  mllai  »n  placed  ami  oral  ml ul  mI h hi  nia\  In  .ittrmplrd  iiniii^  .i  Inn  kt  \ 
Ntnk  Im’IiiI  at  the  lip  nl  lln  •  mini  i  ai  In  al  lulu  i  ir.ttrd  I  *  \  imaris  i  »t  a  n|\|i  t  ll  mil 
intubation  appeal  s  trcimnallx  straiLditlorward.  we  do  imt  hesitate  In  in-  muscle 
rdavints  with  application  nl  t  t  it  on!  pressure.  Inlloxxuui  .i  period  <  >|  pi  eo\\ ymat  ion 
t  in  siiriienn  nIioiiM  hold  flu-  hr. id  durum  this  iiitufiatmii  and  warn  nl  an\  impendin'.: 
mi  ssl\«'  extension  The  altrrnatix r\  an  hluid  ii.in.i1  luhihalimi  whn  h  max  hr  casv 
m  t  hi  h\  perx  nitilatims  patient.  or.  it  time  permits  luluhatUMi  over  a  hhrroptu 
hrnm  linsi-npu  It  all  else  tails,  trachrnlouix  ma\  hr  iiitcnn.iia 

Kuhitiiratrs.  nthrr  hxpimttrs.  o?  muscle  relaxants  m.i\  hr  ro|uirrd  In  rontinl 
It  sill  nsih-nn.  rlthrf  to  prriuit  (  '  \  I  m  Ml  ill  UlU  or  amiioyraphx  •  *r  In  pirXt  ul  111  IIK  rr.isr 
Hi  mtr.u  raiiial  prrssiirr  oxxim:  In  strain  m  VS  caused  h\  I  hr  i  it  I  tat  mu  oi  an  rmlntrarhr.il 
tuhr  1  hr  ahihtx  to  mtidin  t  a  nrurolotsit  assrssinrnt  in  thrrrhx  lessened  Imt  (Iiin 
n|i‘  >i  i  Id  in>t  hr  o|  concern  Killin'  a  siirtSical  drt  nnipi  <nn|i  m  in  indicated  h\  tin  r.ldm- 
loy.it  lindumv  or  ii  imt  an  mtr.ur.iiu.il  pressure  Imr  max  hr  insntt  d  to  prrmil 
at  a  uratr  onyomy  rx.ilualiou 

Fluid  Kcsuscitation 

In  an\  patirnt  in  wlnmi  a  m.i|or  iinuix  is  Mispt  t  lt  d  at  Inist  two  l.iryr  horr 
mtraxnious  cammlar  should  hr  inserted  mir  ot  which  should  hr  incited  imtralh 
slip*  'fit  h  vrn. i  tax  a  nr  riviht  atrium  One  should  not  drprml  upon  lowrr  rxtrrimlx 
hi  n  s  lor  inlusion  in  those  patirnts  in  whom  disriijition  ot  diar  xniis  <>i  I  hr  interior 
xrna  raxa  Is  a  pussihihtx  \  catheter  slmuld  hr  plated  m  tin  bladder  iu  all  p.vUvntv 
I  host •  wlm  ha\r  ilrcr<  ini  d  skin  prrlusmn  with  rrsultant  pallor  and  rm>hi<  ns.  narrow 
pulse  pressure  tat  l,\ cai di.».  and  orthostatic  hx  potrnsjon.  are  likrlx  In  luxe  Inst  in 
rxrrss  ot  J(l  t* »  2’>  pt  i  it  ot  n|  their  hlood  \  oluiur  (  ardiat  output  will  luxe  tin  leased 
m  appio\imatr  proportion  to  hlon.l  Ionn  Deterioration  ot  mental  status  indicates  a 
n  mrr  s«  \  nr  loss  ot  hlootl  x  o|i  nnr.  usual  lx  in  excess  ot  tO  per  rent  I'  I  nit  I  res  list  i  I  at  ion 
should  I H ■  started,  it  is  useful  to  set jiirntiallx  nnnilier  rat  h  nrxx  hay  nl  I ! 1 1 i 1 1  blood 
x  ohiinr  shoultl  hr  rrstmrtl  In  at  least  a  lex  el  at  which  a  rrntr.il  xenons  pressure  ot 
several  nun  llu  is  obtained  It  rrxstalloid  is  used  tor  (his  purpose.  >  or  more  liters 
max  he  rrijiiired  it  tin  preximislx  deserihed  siyns  are  present.  II  a  pneumatic  suit 
(.  or  \I  \S  f  suK  has  hern  mllatrd  around  the  xictinis  ahdnnirn  and  lower 
liinhs  a  \  ariahlt  hut  potriiti.dlx  I  a  rile  amount  ot  intrax  asrular  volume  max  haxe 
hern  slutted  eriitrallx  The  measured  central  xrimus  pressure  xxill  thru  not  hr 
ai*  ,  •.<  'Mi  ate  re  Meet  ion  ot  total  mt  rax  asrular  volume  Ihr  suit  should  hr  dr  I  lain  I  one 
i  ii.'pai  1 1 1  it -i  i  (  at  a  time,  xxitli  rairhil  ohserxatiou  ot  hrinndx  n.imic  status  when  vol¬ 
ume  replacement  has  started  and  xxlirn  imniediate  suryerx  ran  hr  performed  ii 
net  t  ssarx 

Fro  medication  Agents 

l  lit  -st  •  shoultl  not  hr  used  roiituirlx  Kxtremr  rautinn  is  nrrrss.irx  in  hxpoxo- 
l<  him  patients  and  aymts  witlioul  rllrctixc  antidotes  slmuld  hr  avoided  \ltlmuyli 
nanotits  ait-  rtlrrtiXf  m  rrliexiuU  pain  ami  an\i<tx.  thrx  dilate  pc  phrr.il  hlood 
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vessels  .tml  max  produce  further  hvpotrnsiou  with  resultant  cerebral  ischemia  addum 
to  tile  sedative  effect  ot  the  nareotie.  rausimi  remiruitation  of  nastric  contents  and 
aspiration  (  imrticlmr.  >00  mil  mtrainusciilarh .  is  sometimes  adv  ocated  as  a  means 
oi  decreasing  nastric  aciditx  in  emerucncx  suriierv  patients  This  is  not  nuixersal 
prac  tice  and  we  do  not  do  this  routinck 


OPERATING  ROOM  MANAGEMENT 
Preparation  of  Equipment 

In  order  to  provide  anesthetic  care  for  major  trauma  at  a  moment  s  notice,  a 
completelx  read)  operation  room  should  he  available  at  all  times.  I  he  anesthesiol¬ 
ogist  should  have  the  follnwimi  recent  I  v  checked  equipment  in  plae**  I  anesthesia 
machine.  2  \ olume-eoutrolled  ventilator,  with  appropriate  values  preset.  >  suc¬ 
tion.  t  l.irv  imoscope  w  ith  spare  blades  and  endotracheal  tubes  w  ith  stvlets.  ,5 
appropriate  drmis  pancuronium.  sweeinv  Icholine.  ketamine  drawn  into  I.iheled  sv - 
riniics  0  two  intravenous  infusion  sets  with  pumps  and  blood  warmers,  prefilled 
with  erv stailoid  solution.  7  material  required  for  placement  of  arterial  lines.  S 
warniinil  blanket  and  or  a  device  to  provide  heated  humidified  inspired  liases.  lJ 
defibrillator  u  itli  internal  and  external  paddles.  ]()  calibrated  equipment  to  monitor 
electrocardiograph,  arterial  blood  pressure,  central  venous  pressure,  neuromuscular 
blockade,  and  temperature. 

Choice  of  Anesthetic  t Regional  or  General) 

We  prefer  general  anesthesia  to  regional  for  the  more  major  injuries,  partieii- 
lark  in  the  presence  ot  an  unstable  <  ardiox  ascular  st.itus  or  injuries  of  the  abdomen 
or  tliorax.  Spinal  anesthesia  does  not  permit  control  of  ventilation  and  the  resultant 
svmpathctic  block  prevents  an  important  liomeostatie  response  to  hvpovolemia.  In 
patients  with  abdominal  injuries,  the  extent  of  the  neeessarv  exploration  «md  pio- 
eedures  is  usiialk  uncertain  preoperativ civ  .  which  precludes  limited  bloc  k  levels. 
( )n  the  other  hand,  infiltration  anesthesia  nr  reiiioual  blocks  can  be  extremek  useful 
tor  tin  m.mailrmriit  of  the  more  minor  peripheral  mjuries.  provided  that  attention 
is  paid  to  the  maximum  safe  dose  of  the  ailent  selected  relative  to  the  patient  s  hock 
>i/e  and  phv  sieal  status 

Induction  and  Maintenance  of  General  Anesthesia 

Dunne  induction  of  anesthesia  aspiration  of  eastric  conte  nts  into  the  limes  max 
follow  passive  rceureitation  nr  ac  tive-  vomitme  I  he  lattc-r  max  he  avoided  b>  usine 
a  rapid  intravenous  induction  sequence  W  hen  diaphruematic  relaxation  oeeuis  mt- 
ondatv  to  cerebral  ischemia,  beavv  sedation,  or  anesthesia,  passive  reeuieitation 
max  occur  .is  a  result  oi  the  difference  m  pic  ssure  between  the  abdomen  and  the 
thorax  Several  hours  of  delav  in  seheduhml  siimeiv  max  decrease  (he  prohabilitv 
of  food  ic - m a 1 1 1 1 1 1 u  in  the  stomac  h,  but  ibis  is  never  totallv  reliable  and  max  hr 
contraindicated  bv  'lie  unieiiev  o.  the  miur\.  \  low  nastric  aciditv  and  oi  an  eniptv 
stomach  cannot  be  assumed  foi  extended  periods  follovvinil  trauma.  Therefore.  tin 
follow  ini’  steps  should  be-  taken 

1  In  .i<l  c  ,ises  <>f  intestinal  ofislnii  ti«m  ileus  ot  uastiocliiocleii.il  >•  rfor.it  nm  oi  bleecfmu 
a  n.isouastrie  Mimp  tub*  should  he  placed  and  the  stomach  aspirated  niiiurdiatcT  pn«>i  t<* 
ii  dm  turn  .lit I m o ml i  tins  does  not  iiisiue  an  emptv  stomaeli 

2  I’he  prohahle  ease  ol  l.irv  nUov-opx  and  oial  inliihatioii  should  he  assessed 


■  -  ,  i.  \1  .  .1  I  '  \  m  >.■> 

'  \\  1 1 1  i »* *\\ t  1 1 1 1 1  sir  1 1> in  ,i\  ,ii | . i ! ill  .tin  s*li«  n|.,  '•In >i ill j  ' n  i.n  1  ■  < <  i  . !  1 1 '  1 1 1 i  -Mill]  ili is* ■  ill 

i  ;•••:.  !«  p-  ■  I.n  i/iiilL  i  hum  )« •  i «  llio  iil.i\  i  ■  1 1  u  r  ■  n/i  .n  i  ii  i<  i  >  m-i  ■  *f  1 1  ■  ?  i  t_.i'-t  1 1»  pn  .miv  ui.ii, 

•  '  I.  li>  *!tlli '  Is  si|l  1st  .  jl|lli‘K  .R 1 1 1 1 1 1 1 1  *>l  i  I  ■  1 1  |  II  i  ■  i\\  '.iill.l!  l«  Ml  !<  ■(  ll  k  .i\t  (III  ii  llllli.lt>  ^  (it 

,  .1'  '  1  -1  -  .it  ll  me  "I  l"Uf  |>T  ll\«  m.lMIIHIMl  llrspll  .l!  ||  illN  (lull  .mil  I  tip.  1st*  tint  |  H  <  *sM  1 1  >  I  [  •  J  <  1 1 1  •  i  ! 

mi  tin  i  t  u  n|ii  i  .ii  lil.mi'  1 1 'ii  1 1  >i  i  NNiuvi  (In-  iippi'i  i  Mipli.iuno  .nit!  .t  i  ipnllv  ii  ♦  i  n  u  in!i  .i\  inmis 
v  | • :  =  i*  it  .nut  in i i-i  It-  i  < -l.ix.ti 1 1  umi.iIK  sir  i  iii\ K  in iliin  .uiniinisti  i  > •« !  iiilta\'ii<"lsl\ 

l  arv  iiiiOM  np\  .  tracheal  intubation  mil  inflation.  am!  che<  ks  •  >i  Inin  location 
in  '.uinil  i m I  Inline  ciuoul  piessute  is  removed  11  larvtmoscopv  ami  intubation 
1 1 '  «  \pccti  i!  to  In  difficult.  other  options  ire.  in  order  ol  preference.  intubation 
ri  isalK  oi  or.illv  mulei  topual  anesthe  sia  it  necessarv  with  a  fiberoptic  broneho- 
s»  1  >pt  "i  a  li av  beolomx  umlei  lot  a!  anesthesia  In  main  acute  mpn'ics  n|  tin  ]aw 
m*l  mils  in  which  the  stall-  of  the  pharvnx  is  in  doubt  we  preler  oral  intubation 
emit  i  \  isi"ii  as  a  Inst  sli  p  l  lien,  ii  nasal  intubation  |s  required.  a  nasal  tube  nun 
h*  a*  In  am  eil  under  direct  \  is  ion  w  ith  the  Lin  nx  in  lull  \  lew  and  the  an  wax  plot  e<  ted 
tins  penult"  lull  evaluation  ot  the  iuturv  prim  to  nasal  intubation 

W  In  nex  e r  possil i|« • .  h\ pox  oleni ui  should  he  corrected  before  the  patient  is 
t  laiispni  ted  t"  the  operating  room  and  anesthesia  is  induced  11  correction  is  not 
possible  bn  ause  o|  the  nature  and  extent  ol  tbe  injuries  that  is  tli»'  rate  o|  bem 
onliaiie  exceeds  the  abilitx  to  restore  intravascular  volume  .  it  ma\  be  neeessarx  to 
mdu'i-  anestbesia  in  tbe  b\ po\ oleinii  patient  II  the  patient  is  uueonseious  or 
si  x  i  i .  •  I  \  ohtuudi  d  intubation  ol  the  trachea  should  be  accomplished  without  drills 
>i  with  m  uionniscular  blockum  agents  alone  11  the  patient  is  const  ions  despite 
hem'.:  nm  ol  n  i  tabb  b\  j>o\  oleimt  othei  techniques  are  required 

I  oi  iiianx  \ea?s  it  was  tomrnon  prat  tier  to  us,-  an  ultra  rapidlx  actum  thio- 

h. irhituiate  such  as  thiopi  utal  lor  imlmum  anesthesia  in  this  t  in  uuistanee.  Ire 

ijiii  nt l\  n  sidtim;  m  at  nti  di  eompensatinn  melmlimi  death  in  an  all'eadx  se\erel\ 
h\ potensix  e  pat'-  nt  Ihese  denial  observations  max  be  attributed  to  the  mvo- 

i. iidial  depii'ssion  and  deeie.isetl  penpheial  venous  tone  caused  hv  these  agents 

K* •(. inline  is  a  rapidlv  actum  in*  ivenoiis  annit  tli.it  in  noriuov oleuiie  he.iltliv  pa¬ 
tients  and  laboratoiv  animal  results  in  increased  heart  late,  svstemic  vaseul.ir 
1 1  "Mam  i  .  blood  piessui'e  andeardiat  output  ”  I  hese  .ire  indirect  effects  caused 
!>\  mi  leaseil  1 1'iit i al  sv  inpathi  tu  oiitilow  and  baroret  eptor  blot  Lade  and  decreased 
v.mal  tone  \«  rv  small  doses  ol  ketamine  <t.'v>  to  0  7  um  per  kiX  iutrav enmislv 

ai<  useful  to?  lliducltm  anesthesia  ui  hv  pov  oleuiie.  hvpotensive  const  ions  patients. 
It  a  dose  greater  than  th.it  dictated  l»v  the  clinical  situation  is  used,  the  indirect 
shmulutorv  i espouses  are  not  elicited,  and  ketamines  direct  action  of  mvoeaidial 
ilepiesMon  mav  r-’sult  m  t  aidiovascul.ir  decompensation  I  hu  e  intubated,  the  pa¬ 
tient  should  be  nut  hauitallv  ventilated  to  tree  the  anesthesiologists  hands  l.vi- 
dence  is  lat  kum  th.it  either  respiratorv  acidosis  or  alkalosis  is  brnefii  i.il  durum  mas¬ 
sive  hvpovolemia  We  therefore  altemp!  to  maintain  normocapnia,  vvhuli  has  the 
it !•  let  1  advantage  ot  not  eotilusnm  mterpretat ion  ol  at  id-base  status 

l-ollowum  induction,  nnlv  oxviien  and  neuromuscular  blockum  agents  are  ad- 
ni  mistered  until  the  lie  mod  v  uainic  situ  it  ion  is  stabilized  and  sv  stem  it  blood  piessiuv 
uses  to  a  mean  ot  at  least  ">0  ton  \t  that  point  cerebral  pertusion  should  he  ade¬ 
quate  and  it  is  then  appropriate  to  consider  the  atlunnist  rat  ion  ot  othei  agents  I'he 
iio.il  is  to  provide  analgesia  or  amnesia  with  minimal  earthov aseulat  disturbance 
Since  the  elil  ileal  situation  is  still  in  ureal  llux  and  conditions  i  iav  d<  leriora'e  in 
punt  iple  agents  that  are  easilv  removed  or  whose  actions  are  readilv  tenmnated 
should  be  used  <  v  t  loprop.me  and  etliei  aie  t  out  i  .(indicated  hecaus«  oi  the  risk  of 
explosion  m  a  set  turn  with  a  iimltiphcitv  of  peisouml  ami  d*  ,  trn.il  equipment 
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tl.ltin'l'  tills  1.1, Is  tl'  till  pull  III  1. 1 1  I*  >1  livpnM.t  i  ■«  I  HIM  "I  'll  I  M  .|SI  ||  Itispm  ll  nW'J.rn 

i  i  mi  t  :  it  i  .it  i,  in  I  i  ;i  tin  i  i  n>  'I  i  mt  1 1  "is  .  ,\  nl«  will  mi  n  .mi  tin  v  i  dt  m  k  i  it  ii  i\  pi  i  a  iuiinIv 
iiiiii  li«-\*il  pin  i  mil  '1 1 1>  'I  i\  .iinl  will  iin  ii  .isi  Imwil  ilisti  1 1 1  ii  ■]  i  \Itlit  miviIi  ii.ii*  ('tii  ' 

I  I.IV  (•  I  *•  i  !l  l  |s(  1 1  I  :i  s' !i  1 1  i  11  (  1 1 II  InI.H  Ik  i  S  t  .  I  •  »1  >1*  1  1 1'  MIN  1  II.IV  I II  I  .11  si  ( 1  (  >1  u  i  e  I X  i'll 

l  Ik  \  i  .Hi !n  •!  !  m  I  i  l : !'  i  1 1  .in  i  .in  t  In  mil  il.it  i>  ki  . t Ill  '  Si  i  >  n  n  I  tin  i  ini  « >1  !  i.if *  >\i  M  it 

til  I  «  \  i  I  ni  !|.||  l  i*t  h  Ml  1 1  •  *  *  I  III. IN  1  -i  «  •  1 1 1  \  pi  I  t  111  h  'Ml  l  <  nnIk!  I  ,  MI,M  i  (j  1 1  \  p(>p«  I  1 1 1  n|i  i|| 

.it  tin  ''ill '  '  i  i|  .U  I  K  Ml  Mini  I  ii  i  .HIM  n|  s|»«  M  It  I  i  1 1 1 1  it  I*  M  I  *  >1  M  I  l*  Ml  "I  (in  111  t  M_li  M  1 1 'I  I  I  1 .1 1 1 

tin  Mj.iMii’sl  Iviii  nt  i  \  nil  ni  tli.it  ii  ImmiNt  t  .it  i>  mi  >>l  ii.iinxiMn  i'  "t  I  *«  m  111  m  in  n  i 

IlMI  l  •  >t  l/l  li  'inukl  ll  .1111111.(1'  NljMM|-sts  til  l!  l  Ml  |i  M  pilin'  .1*1(1  1 1 1 « I  s  pt  lll.lpN  II. Ill  I  it  ll  S. 

mu  ill  t linn  tit. 1 1  in  ' i n  1 1  i  n i  must. i in  i  s  \\  i  liax*  n«»t  "I •'*  ivnl  .iw.iu  in  "  nt  p.tin 

hi  ,m\  p.itn  nt  i  j  ■  m  stiiMn  il  pn'tiipi  i.itivi  l\  fi>|l"xvme  tins  r"tn  ixatixi  appnui  li  t  * » 

till  l.M  i'l  l«  lltl.il  111  I  \  *  M  !  N  s\s|,  III  l|<  pil  SN.Klt' 

in  '  i  |i  i  t  me  m  imiNi  li  1 1  I  m  \  m  1 1 1  l<  m  i  nut  mm  <  I  *im  i  Ini  me  tin  pi  <  h  i  *  Ini  i  <1  t  nhn 

I  lit  .11  till  |s  IN  I  Mill  1 1  I’li  .HIM  III  its  pi  i  >pr  liN)t\  t.  i  I  i  l<  MM  1 1  l't.  Ill  1 1  In  M  'll  It  II  lU  III  I'll  t  III  I 

I  iv  pi  »ti  1 1  n  1 1  in  I’m  in  i:  i  Miitnm  i'  pi  itii  I  ml  t"  eallamnn  lm  mum  m|  its  ^niti  t  x  ae<»lx  t li 
pi  tip*  t  t  n  n  i ml  it'  1 1  '  si  i  nMie.it"!  \  ill  pi  lull  in  i  "ii  i  '  iim I  i  \i  t  i  I  I"  it 
Mi  (ill  lllllu  .vui  \C  l~*  Ws't  \rt  iltlililil'i  mN  .oiii'ii  il.lM  iin  ii  M't  l  Ml  I  \  l"\ Mm  III. 1 1 
n  1 1"- 1'  »l  : i " 1 1  i !i  p"l.n  i/me  1 1 n ini  Ii  1 1  kix.int n 

I I  tin  od  \  namic  Manaufincnt 

\lti  i  m  i  « ,i  me  tin  .ill  \\  mv  .mi  1  '  st.il  *  I  I'lune  x  lilt  il.it  i*  MI  In  tinii  1\  •  i.iin  ii  n  i  <  ii  i  a!  l  is 

tin  ptllli.ltv  I'Nih  hi  I  ii|M  I*t  till  l.ipiilltv  Mill!  mtili'ltv  I>|  pliv  vii»|i)en  li'piMlM  til 

In  tm  »n  li.iei  Hu  ii  .Nil  n\  mp,it  Ik  t  n  n\n|ihi  .n  t  i\  i  f  \  imii.iMil  1 1  inn  .mei- *t«  kmi  Ml 

nVnIi  III  Ml  t 1 X  I  f  V  I  ;n  I  l  .(M  •  1  V  M'llpl  l  NS  III  pi  I  I  pi  1 1  I  .il  I  n  I  11  l.lti  M  X  I  til  ll  N  Ml  hill  llllt.l!  *- 

nlifiN  limit  livpnxii  i  Hi  i  In  .mil  ilnnl  'lulls  .mil  tin  mnltipli*  itv  nl  tin  i  aprut  n. 
m.inm  v  i  i  n  m  tin  .u  nli  Nituatnui  tin  I n  mm lv  ii.miii  '•t.itii'  n|  tin  p.itn  til  vv  ill  cliane* 
i  m  p  I  * !  1  x 

XiiiM'lmel'  .(iiin.it*  ln.it  1 1  -I  M  m  I  I  'li  m  ii  !  |'|i*nntiii  mnnil"ime  -hi  impiiit.int 
M'pi  i  I  <»t  tin  n  lit*  in. m. im  tm  nt  I'M  (lm  n -.ixi'ii  .in*  1  I"  allow  n  pi  .iti  d  i  ipnl  s.im 

pin  e  *  >1  at  I*  i  lal  I  dm  nl  ii  m  mi  mniii  i  ani  nt  "I  1 '» *  I  ’<  ‘ »  and  pil  an  mdx\  t  lime  at  ti  Mil 

iMii'HiIa  . . Id  In  plain!  as  i -ai  I  \  m  tin  npt  ratine  imuii  M-ijni  nt  in  Ii  ,is|M<  il 

t  it  <  i  ".ii  x  !  iv  ni  m  ei*  ai  i  nt  i  ln\\  n  and  niinin  li  d  t  * »  a  pi  *  "tm  1 1  .himIii*  r  I  t"l  imitui 

in  >ir  lm  .ini  m  nit  nt  "I  l»lm*d  pn  ssuir  I  In-  ai  t<  rial  line  x  I  kmi  Id  In  pl.u  i  d  m  tin  up  pi  t 

i  •  x 1 1 1  1  n  1 1 \  !  m  i  ansi  ll  max  I  n  n*  ■  ssat  x  to  i  tins  i  lamp  t  In  I  In  m  .u  k  mi  m  la  \  i  i  lit  i  al 

vtiKMiN  'npi  i  mi  \  ilia  i  ax  a  in  i  iei*.'  a’ rial  i  annnla  'Imnlil  In  pl.n  id  t  mi*  piiinitlme 
win!*  tin  piln  iit  i'  in  tin  i-mi  ie'Mii  x  rniiiii  mi  mmiii  aiti  i  ani'.il  in  tin  "pi  latme 

i  mi  Hit  in  tin  opi  i.ilme  i'"Hn.  ml  mini  tnui  llimneli  an  mtn  nal  inenl.it  x  <  in  d  lax  on  d 


Mi'  .(7 

■  '  ;  1  ■  '  I'  ■  ,  I  I  :  ;  ■  l  !•  I  .  I  ?  1 1  «  l  I  I  *  *tt  ll  ■  'I  *•  .!  •.  I  l\  1.1' I  \  >  I  ‘  I  !  •  i  *  I  I  |  !  • «  «  *  I  |i  «  .1  I 

i  i  !  !  M-  !  :f  I  of  I'l'i  1  I  |.  ill  I  I  1 1  .  'Hull  til.  )  i  < !  1  ■  :  <  I  tl|<  |  fix  M  t  i  •  'l!  -  ll  |!  '  .it  flu  l  <  .1  : 1 1  U  I  ill* 

-  :  '!  ■  i  I  I !  -  I  •  •  |  It  |  1 :  1 1 1  I  ' »!  1 1  Jill  •’  M  I-  .  u  I  I :  t  .tf  >  .  I  %  1  * :  ■  ■  1 1  1  •  I  ■  <  •'  1 1 1  1 1  \  1  '  1  >  *  U  >  1 1 1 1  s 

*  1  .  |‘  i  !•  ■:  1  a;  'id  \  I  1  fin  .it  in?  l  c  *j  1 1<  is  it  ||  Hi  till  I  .  1 1 1 1 1  •  j  I .  I  - ! .  •  " :  |i  I  !  M  I  1 1- 1 'll  i  fit  I  to  1 

;  1  •" 1 ; :  <  ■.  1  1  •  1  -«i  1 1 n  »  1  1 1  irpirpoi  u  Ii  1  am  1  1  ii  \  it  1 1 1 1 1  ■*  .  *1  1  nan  n  1 1 .11 1  m.i  .11  •  i:ul 

Wllli'-.f  III  .lit  |||M  .1st  tliljs  II  I1tl.1l  U  limit  pit  ssilli-  Will  M  >  ■  1 .1 1  h  I"  .ill  nil  <|U.l!r 

:  I  t !  1  .  t  1,  >N  'I  I'M  *>!-.  ||  <  I  1 1  IllH'i  pit  NMIIC  I’Ll  «  Till  lit  "t  .1  pi  1 1 1 1 11  if  |,|f\  .11  1 1  I  l.l  I  I  III.  IN 

f!n  I.ilh  ..III  .  >1  tin  1 1 1 a  ss | \  1 '  l\  1 1 .11  Mlt.il  I /I  ll  p.lt  I*  •  1 1 1  I'*  In  it  III  I  'im  ",II\  III  ||  .l*|v  I'llili 

linn  i"  U'lt«  1  nt  ti  r it 1 1 1  ill  to  liiiliri  pi  l' n  it \  issues 

it  till'll  |N  .1  'M  ill  tl»f  .l\st  SNlIU  fit  lit  11  it  1  ,f.  I  pi  I  -ll  |\  «  ll  It  -N|l|l'll  IlIllll'J  pi'l-NSlIH  ,| 

lilt  it  1  ill  >  it  I  k  1 1  1  111  1  \  I )«  him  1 1 1  1 1  « In  1  1  1 1\  it  1 1 1 1  m  .I*  1  >1  -  hi  i\  I  i.is  Inin  prill  11  inrd 

I  >  1 1 1  I  I  uliM  |  \  .It  l«  HI  lit  (III  drinr  111  1 1 M 1 1 1  u  I  »t  I  lie  III  II  t  It  .ll  m  1  I|S(  ill!  Ill  tin  r\  .ilil.lt  lull 

.'I  tin  pit  hi  1 1  s  \  1 1 1 1 1 1 1 1 1  -  statin  I  lir  r.iik  stairs  1  >1  irsiiM'il.ihmi  ii(  tin  11  i.i".|v  i  l\ 

!  »li  11 1  lM‘i  p.lt  It  -lit  1(1(11111  mutlUmHlN  l  (  >11 1 1 1 1 1 1 1 1  |i  .it  l'"l  I '(  t  \\  <•(  1 1  till  >111 ‘ill  llltt  .Mid  III. 
.11  ir  sf  1 11  ■(  !«•!  n  as  (|>  till  ll.lt  HI  I  .nil!  r\ti  lit  111  till-  mini  I  IN  .11  it  I  till-  1 1«  *  1 1  If  »t  I  \  I  Millie  Midlers 

It  it  is  m  i  1  >s.u  \  1. 1  1  1 1  inn -1  {.imp  tin  aorta  t< i  pi n\  n |(  .11  In jii.it <  -  I >li .. K I  flow  to  tin  I  >1 ,1111 
.nnl  In  ,nt  in  tin  pu  n,  in  1  <>t  in.isNjx  <  li\  jinn i|( in  la.  siiIjm  ijiient  rrniowil  u|  tin  i  l.mij) 

1 1 1 . t \  1  .11  ini  li  \  poll  11  n|i in  1 1  0111  1  Hi  ul.it  1  ni  \  o| nun  lillitm  .1  prr\  iohs|\  rinplx  ,i»  idol  u 
n.imiiI.ii  Ini  <  oiin(  1  jin  nt  l\  .  1  r  pcrhiNii  nt  should  In  cnI.iI  iIinIm  -i|  iiaelualh  .in  Ik- 
nioi  l\  :1.1m  ii  n  pi  1  in  it  \\  it  1 1  .11 1»  lit  mu  nl  \ « •  1 1 1  j 1 1  <  •  i  n  I  mm  m  I  mt  h  .in  r< -< | i i i t I 

Intranfuraiiit  I  luul  lirsitscitalinn.  I  In-  amount  ol  Hind  \olumr  to  .u  1 1 1 1  it  list « -t 
in  inidi  <1  li\  tin  '\n!i  mu  Mood  jni  NNiuv  and  tin-  eanliae  filluii.  pn  ssiin  I' lotds  .nv 
.idinmiNtn i  d  .in  r.ipulh  .in  piiNsihlr  until  tin  rcntr.il  wnrus  pressim  in  hi  tin  normal 
t. mil  t"i  an  .nn  n||m  ti/.  d  p.itn  nl  ^  to  1 0  ton  01  tin  sNstmik  Mood  pnssnn  in  m 
til'  ,l"l!!l.ll  ll  Nil 

\|i.ili  n  no. mil  .mil  iIim  mnnkhi  Ii.iv  i  •  Niimmiidi'd  tin  iVur  of  ulmli  llunl  to 
idinmiNti  t  I  III-  1  1 1 T 1 1 1  1, til  It  i.l\  <  UlTrllth  rlioosr  lunil  uliolr  Mood  p.u  keel  1  1  IN  Mill 
noIuIimiin  1  1  \  Nt.illoid  protrin-roiit.nnmi  HhkIn  rnlloid  .  or  oilier  osinotn  alh  .uhw 
iii  :  1 1 n  Mu  |i  ,  1  n  drxti.m  W  liolr  Mood  in  tin-  fluid  1  >1  rlioirc  drs|ntr  some  di  firlrm  irs 
>1  I mhIm  1 1  Moml  \\I|..I«  Mood  o}{<  in  tlir  ,id\ antairs  oj  (hr  .iliilifx  to  trans|>orl  .in 
w •  \\  .0  p.  on  and  otk'iiMil  owirii  .uni  rad  m  mi  diowiir  1 « >nt .litis  iiionI  clotlmi  t.irtoiN 
in  idi  1  |i  ..iti  Nii|>pK  .iin !  i-n  .1  iood  }  11 1  tie  - 1  at  ])|  i\ sioloin  pH  tin  diN.idv  autaii  n  of 

hank..!  Mo.nl  nn  ludi  low  Ntot.iir  tempi  i.itnn  f(  wit  1 1  liiili  llinmal  <  .ijuntw 
.  I*  >  n  im  d  <  iottiiii  t.n  ?  o  1  n  \  \  111  and  possikh  \|  lark  ol  him  tlonal  p  Lit  <  lets  aftri 

J  t  In  »';t  >  o|  n  |  c  1 1  ii<  low  pll  liiili  1 >t.iss  1 1 1 1 1 1  <  oiu-intr.tlioii  dre  1  lased  nil  nil  niii- 
\i\al  [in  m  in'  of  n  il  n  il  n.i  nilnaiir  anliii  iiN.  \\lm  li  najiuivs  t\pmi  .met  ikinn- 
111  it'  linii  .'I  tin  p.tt if  lit  n  Mo.nl  with  tin  Mood  to  I »«  1 1 aiiNhiM'd  altlionili  tin  I  S 
\:m\  had  l»tild\  l.mnaldf  <  \prnt m  1  in  \  i«  t  \.nn  nnui  mnmitrln  ii  low  anti  \ 
anti  t>  tilii  iioiiji  ()  and  tin  need  lot  <  tonn- niatr  Ii  lias  Inin  <  j  1 1 1  *s  t  mnrd 

n  1  1  ntk  pi  1  Niiin  o|  ,  it  1  air  1 1  n  k  ot  1 1  an  mii  inn  ion  ol  InpatitiN  and  dm  'erased  red 
<  ,  II  J  >  . lij)lidNphoil\  1  rial,  t  > I *( .  e mn  onlral ion  ii  Niiltnii  in  Inin  lirhioniokin  at 
tm it  \  I-  n  o\\  i,  n 

Idood  I  i.ink  n  an  1  in  1 1  as|  1  ill!  >  I  rae  f  ion  at  11  ii  w  hole  Mood  into  it  n  ion  1  pi  unlit  pal  t  v 
N,  pai  it  mi  |ilasma  Ii  1  mii  nil  1  rlU  (  ,  Misrijurnl  k  .  w  <  must  oil  in  1  r  k  on  pae  k«d  nil 
n  Ik  onlm.ink  spun  to  M  matoint  ot  appioxnnatrk  .>*  |)r?  rent  In  di  riv.iNr  \  n- 

II  >  1 1  \  and  thus  rase  adnnnist  1  at  ion  |)a<  keel  rrlk  should  Im  1  rroiisl  it  utrd  to  an  ap 
pi  ixnnatrk  normal  In-matoe  ill  jirmr  to  I rai  1st  1  isi« mi  Sodium  rliliunh  ll  W  pri  rent 
in  dn  onk  fluid  m  , nnnirnelru  h\  tin-  \1m  ru  a11  \ss«-  latlou  n|  idood  Hanks  toi  use 
fot  tins  juirpiM  '  Hr  1  .11  isr  jUrkrd  re  Ik  1  mi  tain  little  plasma,  si  mho  of  tin  ad  will  I  airs 


>s 
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) 
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«i  w  hol<  blood  .hi  diminished  <  )  w  iii  ■  *  i  ha'i'port  in  not  .  1 1 1  rt  t «-« I  however  .md  tin 
(  <  >  1 1  .lt|  vjli  n  |  t  ij  I,|!i|l|t  \  Jx  I  Mll\  s.  UllOW  il.lt  1 1<  V  I  eased  .|s  IS  i  Ml  |  it '|  III '.I  i  .(p.K  1 1  \  II II  I  'll 

1 1 1 ; i  -s i  ■  ,i||  i  li  >tl  m-.i  l.u  1 1  »t  s 

I )«  sj>i(« •  o  n ink l» -i  al * l»  l.ilmr .i(< >i  \  .mil  i  Imiv  a  I  1 1 1 \ »  si iii.it mil  t In  n ■  is  iih  (ii  in  t  \  i 
deiiv  e  tlnit  tin  •  Wm‘  of  in  it  i  nil  It «  i  \  fni  1 1  Ini  k|  ,u  1  m  lit  i  s  1 1  ,i  I  inti  i'  bene  In  i.il  I  In-  1 1  -s is¬ 
land  n|  tilt ac  <4rv.it I \  imped*  s  i.ipnl  1  •  I < m>< I  udniinish.it  ion.  .uni  we  linn  Inn  ijn  mil 
rrt  inn mend  thru  iim-  hi  tins  srttnni 

Note  tli.it  when  exhvmclv  rapid  inlnsnm  of  viscous  llunls  is  ict|iiiicil  there  is 
i  considerable  tlillticiuc  in  icsisl.iinv  to  flow  lictwcen  various  tvpes  of  uduslou 
cijUlpiiiciit  ami  Moot!  warmers  Stopcocks  oiler  liiiili  resist. mcc  ami  tliereloie  should 
riot  lu-  used 

Iriev  italiK  .  until  the  trauma  victims  hlood  is  tvped  lluids  other  than  hit  toil 
must  lie  administered  (  nr  rent  cv  idrtier  indicates  that  in  this  regard  cnllnid  is  ot  no 
advantage  over  er\  stalloitl  and  m  tact,  mav  In-  detrimental 

(.iven  the  expense  of  the  tmim  r  and  the  av  ailalnlitv  and  ease  ot  admimslratiou  of 
the  latter,  there  seems  to  he  little,  il  anv  reason  to  administer  colloid  in  the  acute 
resuscitate e  period  Hesiiseitativ e  lluids  im  dr  riioum  rest  art  h  and  dev elopmetit  m 
i  l m le  lluorot  arhons  ami  stromal-fret  In  nioulohm.  either  in  solution  or  encased  in 
lav ers  of  lipid  The  o\v*irn  eouteut  ot  lluorot  arhons  is  proportional  to  the  partial 
pressure  ot  oxviien  in  the  lliiul  and  ivaehes  an  acceptable  level  nnlv  at  verv  liliib 
l*n  I- urthermoie  tluorot  ai  hous  are  e\ti emelv  expensive,  w  ith  extruordinurilv  lomi 
half  - 1 1  v  e s 

lift viitlv  it  iias  hern  possible  to  prepare  hemoglobin  with  verv  little,  il  anv 
strorn.il  elements  thus  eliminating  renal  toxieitx  ‘  and  olleriim  the  advantage  nl  hiiih 
ox  v  lien  lontent  at  normal  I’o  I  in  tliei  more  Inmoiilobm  so  prepared  can  he  stored 
in  its  i  rv  stall n it  -  Im  m  at  room  temperature  for  prolonged  periods  ot  time,  and  since 
no  ird  tell  membranes  and  unliiiens  are  present  standard  blood  tvpinii  is  unnee- 
t-ss.irv  (  urn  ut  research  is  focused  on  soh  11114  the  problems  of  short  inlru'  aseular 
halt-hte  txxo  to  torn  hours  as  a  result  ot  renal  ext Tetjon.  and  low  l\  approxmiatelv 
I  I  toil  of  this  solution  of  heinosilol im  numoiiiers  Nevertheless  stroiual-free  heilio- 
lilohm  lias  been  shown  to  be  superior  to  albumin  in  support  11114  mv  treat'd  la  I  In  net  ion. 
Should  the  problems  ot  liuli-liir  and  low  be  resolved,  stmmabiree  hemoglobin 
mav  {tiiil  it>  place  in  the  earliest  phases  ot  resuscitation  ot  the  masMvelv  hleedimi 
patient 

Persistent  Hypotension  Despite  Apparently  Adequate  I  laid  Administration.  This 
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d.unjer  »>|  possible  ivnu iiiit.it ion  ami  aspiration  « »l  uasfric  contents.  tin*  patient  should 
i io(  Ik  rvhibated  until  he  or  sin*  is  awake  ami  lias  intact  upper  airw.iv  relieves. 

\ttcr  major  trauma,  inanx  patients  remain  unstable  in  a  number  oi  wa\s.  in¬ 
cluding  blood  volume  and  hcinodv  namu*s.  temperature,  aeid-liase  balance.  and  co¬ 
agulation.  In  some  instances,  pulmon.irv  edema  is  present  as  a  result  o|  piilmonan 
trauma  or  secondarv  to  previous  cardiac  ischemia  or  massive  Hind  load,  lntraerani.il 
pressure  rtiav  require  uiomforim'.  I ntcnsix  r  <  are  n  il!  I>r  nrrrssan.  but  the  process 
ol  transfer  is  not  simple.  Tlicrc  will  In*  a  lapse  ol  time  before  tlie  patient  is  settled 
m  tlie  intensive  care  unit  K'l  with  all  monitoriin:  systems  fimctioniiiU  and  the 
1(1  stall  conversant  with  the  om'oim'  prohleuis.  I  hero  are  various  wavs  to  meet 
this  situation,  hut  the  uuulimi  principles  an*  as  follows: 

1  l-  stahlisl,  and  inaintaiu  as  much  iinmitotcd  stahilitv  as  is  Irasihlr  in  the  operatim!  room 
that  IS  t|(»  lint  take  a  hlnul  leap  to  the  It  l  with  a  h\ pov c>lt  mu  Ippolelisive  p.itlent  whose 

Idond  i»as  levels  ami  .aid  hase  status  are  unknown  II  necessan.  stav  in  the  operatinu  . . . 

lorn:  « -i tone h  to  t  in  tec  t  these  detei  ts 

2  l  se  pm  table  elret  toiiu  mm  ut  oil  mi  at  id  iiieehanH.il  v  entilat  ion  equipment  tor  the  mo\  e 
f i •  tin  !(  I  and  msiiii  that  these  air  turn  homing  well  hefoie  leavnni  the  opeiahnu  room  In 
patients  with  veieh  nnpaiied  i  aidun rspnaton  status,  a  eh.imie  to  manual  ventilation  mav 
lesidt  in  a  sii!  u  u  ni  »  hance  in  ml i  at iioi  ai  h  pn-ssiiie  to  c  ause  me  leased  In  potensjon  or  infra 

,  raroal  pit  -sin,  m  !■  •  pm  nut  a  i  hainje  in  him;  volume  with  result  mu  detei  ioi  at  ion  in  ovv  uni 
•  •w  ham;« 

v  1  Hiiw.im  the  |(  t  to  piepao  th«  mvc  ss.uv  ventilation  and  numitonm:  equipment  and 
.im  « *f tier  nr^entlv  irqimed  therapv  sin  h  as  Mood  prodm  ts 

t  1  >i x  amval  establish  contimntv  ol  hlmul  pressure  mumP'iim;  and  ventilation  as  a  Inst 
piioritv  st. iv  witli  th«  patient  until  all  mointonm;  and  siippoit  sv  stems  .ire  leestahlished  and 
fin  |(  t  stall  is  l.umhaM/ed  \\  if li  fin  patient  s  eiieiiuist.tm  es  and  ordi-fs 


iu:fi:hi;\ci;s 

1  h.tki  i  l  l  5  <|  <  >iiii.i  I  I  and  1 1 1 1  li  ke\  I)  l)  Ni  moloCH  oiitc « »lli«  *  altel  efliet'Ceiic  V  room  ihni.e 

totn'iiv  toi  tiaiMM.i  V:  -  I  Mill:  /  P)SU 

2  H, ii  in's  V  uni  \llc  ii  l  t'  t  i.urtusi. in  suits,., jm  ut  t, i  .uitimiishahoii  « *1  niuveis.il  dounr  hlnod  m  \  u  t 
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>  Baialden  |)  |  W II  lishotn  p  Itm  /  l  H  .,|  \  due  •  *lt*  (.  out  in  patients  Witii  severe  pelvic 

ti,u  •  in i  <  oiiiiollmu  lienioiili.icic  shock  \i<  h  Sim;  lfi'i  »-**  P».  I 
1  Picket  l)  r  Millet  |  D  Wan!  |  l>  it.ll  I  In  -outcome  It  *  Oil  seven  head  Kiiuiies  with  e.utv 

dt.ivlitosis  ami  intensive  inanaui me  nt  |  \i  iiihsiih;  17  I'll  pi,  . 

’>  Pooti  |  li  1>  I  I*  c|v\ .tills  p  P  Solid  'l  |  el  .li  (  .uihov.is.ul.il  .end  neuiouniMlll.il  •  Oec  Is  ol 

( III*  S<  i “>  p.UH  Hlolilimi  111*  foe  ciiiik  <nd  J  ful'oi  m.uiiM  in  do^s  \nesth  Will!  Vi  Jn  PlSU 
n  inline  1)  V  Sc  lint  1  Hrimo  1  V  et  cl  (InUoiiu  follow mil  sev ere  head  lliim ic-s  in  c  hlldteii  | 

\c  niosiim  IS  nTn  Pes 
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tlision  |  |  | .illlll.t  /  “>  ,1)  P>7"i 

| ( I  (  amp  |-  P  |i  and  Shields  (  I  Militaiv  Mood  li.uiktim  idenhln  alioi  o|  tin  vpoiip  l>  universal 

doiioi  (o|  f  I  alisft|s|oii  of  \  H  and  \B  in  ipn  fits  an  i  iMUiua  ol  l»n  iln  ,nli'  Mill!  Med  I  >2  IJU 
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i  laiistusion  Washington  |)  (  \meiic  an  \ssoi  lation  ot  Plood  Hanks  pl.S 
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i  J  1  J'l  N7* 
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ii  low,  h  I  Moss  <.  S  |,|.k  I  et  al  (  lAst.illoid  \s  . oil. .|.|  111  the  >tl<il«»t:i  ol  pllhiiniiurx  luihlie 
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tesiis.  ituti.ni  tiotn  \||.k  k  I  Itanma  JO  It*'  IMSO 
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Mill,  r  h  P  1  oiiiplu  at  ions  of  massi\ e  hlood  transtiisunis  \nest|,esiii|ou\  >’>  S2  I'l.i 
U  Millet  h  P  K.*himis  I  (*  and  lone  XI  |  (  . >aC'llatloti  . I.  let  ts  ussoi  i.iteil  with  massive  hlood 

ti  uiislnsions  \nn  Sme  /  7  f  .Ml  Iw7l 

W  Mill.  r  H  P  and  Wax  \X  l  Inhihttmn  ot  siiei  in\ I.  ho|m«-  tndmed  im  reused  mltaiiastt it  ptessnie 

h\  n>  .ti  di  pola,  i/inC  inns,  le  n-l.ixants  and  Ild.H  aim  Xm-sthesioliicx  il  i  S.‘>  ['(71 

JU  Mill,  i  X\  \  ed  I e.  hiii.  al  Manual  >.|  tin  Nim  iiian  \"(>t  i.itioii  ol  hlood  hanks.  7tlt;ed  Washmetoit 

P  t  \ni< man  \ssin  latiiin  >'!  hlood  hanks  |'t.  . 

II  Moon-.  W  X  Pi  \  etilito  I  Hi  vdoT'l  X\  ||  ,  t  al  |  \temilliU  the  limits  of  1 1 1 -modi  III  t  (oil  on 

i  uidn ipiihimnai \  I w pass  |>v  ii'ine  stm  a  t  l«.  .-  hetiiodohm  solution  I  I  limui  (  ardioxasi  sum 

s  /  lVi  I  l»s  | 

\2  (lluim.in  II  \  haim  '  h  \  am!  I  tieditiaii  h  \  I  he  i  isk  of  ahhn-x  tatini:  tin  tliaim  i  tossui.iti  h 

in  m  Cent  o|  massive  tiaiistusiiiii  1 1 aiisttisioi|  /  S  l  i7  Im7s 

li  I’etkllls  |l  \  I  In  Ils«  of  lies),  hlood  /,l  \l|s|iai  lief  |  ed  M.lss|\e  I  ,  al  istusloli  Wislllliet.lli 

P  <  \meiuan  \ssm  iati.ui  of  hlood  hanks  |M7S 

H  I'tethi  iii.mil  l(  Ho/,n  li  h  Pilist  \  I  et  al  Modern  w. il  siilUe,  \  (  tpetali.  ms  in  ail  e\ at  nation 

hospital  dninm  the  <  klohei  t‘»7  »  Ai  ah  Israeli  w.,i  (  Ir.iuma  I M  MM  (  IM7M 
l">  l’i  Hitt  h  \  MoiiiimI  |  \  anil  Mason  \  P  hnlleted  s.ihni-  as  the  sole  ii'pl.iieim'iit  fluid  lolluw  me 

ai  nte  measiitetl  hetmnthace  in  man  j  li.nuu.i  7  7**7  |Mh7 

H*  h.lhni.-l  s  |-  (  t  111  leu  k  r.-sklii  ••  W  et  ,i|  I  tilth,  i  studies  with  shotiia  lice  heiin»elo|.lli  so 

hit  ion  \iin  Snie  /:/  M.->  1m7d 

|7  halm  II  hei-M’s  H  h  and  Howell  |(  I  H \ dmU.-u  mn  it-enlatiou  t.mpei  iliin  and  evnlnhoii  \ni 

hex  Ih  sp  Pis  //Jit,:,  |M7~> 
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|M  |{iisse{|  W  |  f  \  .dilution  of  u  Mcu  hlood  war ruer  \naeMh  Infi  ioiM  t  n,  S  jt»J  I'lSO 

“itt  Sa'aCe  I  XI  hloue  (  I'  I  «d»  \  1  1  ef  al  I  lu  i  anhov  asi  iilar  efl.  «  fs  of  alfh(  Mn  arid  k»  l.nmin 
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Sfrs.  II  v  \\  (  ( mmurll  I  II  }|.<k.-\  M  J  .1  il  l)i,i.ii.li>i\.ivtiil.ii  elh-t  lv  .  .1  ,i  new  iiihalalmn 
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hi  pnfhfMllla  .lilt!  fllcct  nl  \  ICntoTllv  |  \|»J»1  Mivsiol  </  >S< »  1'ftlt 

VI  Sf  in  hi  |  \  (  .triit  'll  tti  \1  \  |  ewiv  |-  II  ft  al  Wale,  ami  pint.-m  limit  :m-nl  in  sht -.  p  ItirtC  alter 
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tnimatl.m  Nell  lie.  \D  \n  \tM2S  is  l  s  |  >,  paltlu.  Ill  .  >1  t  nllimtlit  1**1  Hn\  I V)  S|»,  iii^'.i  )• 

\  Iicmi.t  2.MM 

it  1  n, tie  H  \  I'fiiv  1  H  ami  Hi  /n  a  S  W  h  li.Hm  m  .  -  -I  aiirslli.  ti.  ,c.  nt  n  n  sp,,,,-. 
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Wkiskopk,  Richard  R..  Mary  I.  Towns!. ky.  Kathryn  K. 
Kiordas.  Dai.k  Harris,  and  Kakkn  Chadwick.  Acid- base 
(line  and  alignment  nomograms  far  s nine  blood  I.  Appl 
Phvsiol.  Rcspirat.  Km  iron.  Kxrn  ise  IMivsml  .Vtcti  978-9*2. 
1982. — To  construct  and-hase  eurve>  and  alignment  nomo¬ 
grams  lor  swine  blood,  we  added  known  amounts  of  acid  or  base 
to  alitpiots  of  swine  blood  with  three  different  concent  rations  ot 
hemoglobin.  Pans  of  blood  samples  were  equilibrated  at  two 
different  CO  partial  pressures,  and  blood  pH  was  measured 
I  >ata  were  analyzed  by  computer,  and  mean  values  were  created 
tor  complete  data  of  four  swine.  Curve  and  alignment  nomo¬ 
grams  were  constructed  by  computer.  The  resultant  nomograms 
tor  swine  blood  differ  from  those  constructed  by  Siggaard 
Andersen  for  human  blood,  most  importantly  at  base-excess 
values  of  MO  to  +2u  mmol  1.  The  possible  reasons  for  t lu- 
observed  difteiences  are  discussed  and.  although  not  completeR 
resolved  may  be  related  in  large  measure  to  tin*  arcuracv  of 
pi  I  determination  and  the  methodology  of  nomogram  const  ruc¬ 
tion. 

carbon  dioxide  partial  pressure;  blood  pH:  computer  analysis 


KK(  K.NTI.Y  thk  IM<;  has  become  increasingly  popular  as 
an  experimental  animal.  To  maintain  ’'normal*’  values 
during  some  of  our  experiments  19).  we  needed  to  know 
the  acid-base  parameters  of  swine  blood.  We  were  unable 
to  find  this  information  in  the  literature.  Although  we 
lacked  information  indicating  specific  differences  in  acid- 
base  parameters  between  human  and  experimental  ani 
mal  blood,  we  were  not  especially  concerned  until  the 
report  of  Scott  Emuakpor  et  al.  (12).  which  indicated 
difference*  between  human  and  canine  blood  in  the  he¬ 
moglobin-independent  plot  <d  log  CO  partial  pressure 
llVo.d  vs.  pH.  Those  findings  and  our  need  to  character¬ 
ize  the  acid -base  status  of  swine  blood  led  to  the  present 
investigations.  Asa  result,  arid-base  curve  and  alignment 
nomograms  were  constructed  for  swine  blood,  and  l  he 
methodology  used  for  their  construction  was  reappraised. 

MKT  HODS 

('of feet  ion  and  handling  of  blood.  Knur  studies  were 
performed;  the  blood  of  a  different  pig  was  used  in  each 
study.  Each  pig’s  blood  was  handled  in  a  similar  fashion. 
Pigs  were  anesthetized  with  thiopental,  and  220  ml  of 
arterial  blood  were  collected  in  heparin  (dd  units,  ml 


blood).  Whole  blood  was  centrifuged,  and  three  red  blood 
cell  dilutions  (to  packed  cell  volumes  of  approx  9,  27.  and 
4 5'D  were  prepared  from  the  separated  red  blood  cells 
and  plasma.  A  sample  of  well-mixed  original  w  hole  blood 
and  samples  of  each  dilution  were  placed  in  ice  for  later 
determination  of  total  protein  (hi,  hemoglobin  (<>).  2.2- 
diphosphogly  cerate  (8).  and  met  hemoglobin  Id)  concen¬ 
tration.  Blood  samples  were  prepared  in  duplicate  at  base 
excesses  (BE)  of —25.  —20.  —15,  —10.  —5.  0.  +5.  +  .0,  +15, 
and  +20  meq/l  at  each  of  three  hemoglobin  concentra¬ 
tions  (a  total  of  tit)  samples)  by  adding  100  id  of  working 
acid  or  base  solution  (see  below)  to  2.9  ml  of  blood.  To 
prevent  red  eell  lysis,  blood  samples  were  briefly  centri¬ 
fuged  at  low  speed,  and  the  acid  or  base  solution  was 
added  to  the  swirling  supernatant  plastna.  Samples  were 
then  gently  hut  thoroughly  mixed.  Blood  preparation 
was  followed  by  tonometry  and  measurement  of  pH.  One 
member  of  each  pair  of  blood  samples  was  equilibrated 
for  7  min  in  an  instrumentation  Laboratories  model  21d 
tonometer  with  a  gas  mixture  of  2.72L  CO  in  O  the 
other  member  of  the  pair  was  similarly  equilibrated  wit  h 
a  gas  mixture  of  9.*i0/#  ( *( )  in  ()  .  The  gas  mixtures  had 
been  previously  analyzed  in  triplicate  h\  the  method  of 
Scholander  (11).  (When  these  gas  flows  and  concentra¬ 
tions  and  blood  volumes  were  used  in  preliminary  exper¬ 
iments.  equilibration  of  blood  with  CO  was  achieved 
within  4-5  min.) 

W**  measured  pH  using  a  Severinghaus  l’l *  electrode 
(15)  thermostatically  controlled  at  28.8  (’  and  a  Loren/, 
model  2  DBM-2  amplifier.  The  pH  electrode  was  cali¬ 
brated  with  precision  reference  buffers  (pH  b.s.99  and 
7.279  at  28  *  (’;  Radiometer  2-ml  sealed  glass  ampules) 
Electrode  calibration  was  checked  with  (lie  7.279  buffer 
before  and  after  each  blood  sample  reading.  Measure¬ 
ments  were  performed  m  duplicate  wit  h  ;i  maximal  allow  - 
able  difference  between  tin*  two  determinations  ot  u.uu.l 
pH  units.  The  mean  t  ±SI ))  ot  the  difference  bet  ween  the 
paired  reading  Id*-  all  samples.  calculated  without  respeet 
to  sign,  was  (U ml  ±  o.oo;  pH  units.  Measurements  ot  pH 
were  corrected  for  red  cell  suspension  effect  <17.  IM  1\  <> 
was  measured  n  duplicate  by  using  a  CO  electrode 
(Radiometer  K502(i)  m  a  steel-and  glass  cuvette  (Radi¬ 
ometer  1  )h Hi)  t hermostatically  eont rolled  at  28. s  O  The 
electrode  was  calibrated  with  gas  mixtures  analyzed  in 
triplicate  by  the  met  hot!  of  Scholander  (11).  A  reading  ol 
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a  standard  gas  with  a  Pro-  close*  to  that  expected  tor  the 
blood  sample  was  taken  before  and  after  each  blood 
sample  reading.  Blood  CO.-  tensions  were  systematically 
measured  to  ensure  equilibration  of  blood  with  CO.. 
Mean  t±SI))  difference  between  measured  and  expected 
blood  Pro.,  (calculated  without  regard  to  sign)  was  0.88 
±  0.27  Torr  at  IVo-  of  H7.9  Torr.  Readings  for  pH  and 
Pro.,  were  corrected  for  electrode  drift. 

Preparation  and  standardization  of  acid  and  base 
solutions.  A  1.0  N  solution  of  Na.-COi  (l(M)C.  certified 
alkalimetric  standard.  Fischer  Scientific)  was  prepared 
and  used  to  standardize,  by  titration,  what  we  determined 
to  be  a  stock  solution  of  1.01  N  HCl.  The  1.01  N  HC1  was 
used  as  a  titrant  tor  a  stock  solution  of  what  we  deter¬ 
mined  to  he  1.02  N  NaHCO,.  Concentrations  of  0.2.  0  4. 
0.0.  and  0.8  N  acid  and  base  working  solutions  were 
prepared  volumetrically  from  the  stock  solutions.  All 
working  solutions  were  titrated  as  described  above.  All 
titrations  were  repeated  after  completion  of  the  bench 
laboratory  work  reported  here:  no  differences  were  noted 
between  determinations  made  before  and  after  these 
experiments. 

Data  analysis.  The  data  generated  for  each  pig  re¬ 
sulted  in  three  sets  of  values  ( 1  for  each  concentration  of 
hemoglobin).  Hat  h  set  contained  values  for  pH  and  Pen. 
for  blood  samples  at  each  BK  (0-20  meq/l  of  acid  or  base 
added).  However,  since  the  BK  of  the  blood  drawn  from 
the  animal  was  not  necessarily  zero,  the  data  were 
“normalized"  to  correct  for  any  small  acid-base  imbal¬ 
ance  at  the  time  of  sampling.  To  accomplish  this.  Sig- 
gaard-Andersen  and  Kngel  (19.  22)  plotted  constant  CO. 
titration  curves  (pH  vs.  acid  or  base  added)  at  both  CO 
tensions  for  each  hemoglobin  concentration.  .  ney  curve 
fit  their  data  by  eye  and  by  hand  and  similarly  shifted 
the  axis  for  the  added  acid  or  base  so  that  zero  corre¬ 
sponded  to  pH  7.400  for  the  Pro.  40-Torr  curve  (O. 
Siggaard- Andersen,  personal  communication;  see  Fig.  41. 
In  following  their  methodology,  we  noticed  that  minor 
differences  in  curve  fitting  and  shifting  the  data  by  eye" 
resulted  in  relatively  large  differences  in  the  final  nomo¬ 
grams.  1’nable  to  arbitrarily  resolve  these  observed  dif¬ 
ferences.  we  used  precise  mathematical  and  graphical 
techniques  that  were  implemented  by  a  computer. 

For  each  concentration  of  hemoglobin,  we  calculated 
regression  coefficients  by  using  a  forward  stepwise  (with 
a  backward  glance)  selection  procedure  lot  to  fit  the 
model 

pH  =  «\  +  (V BK  +  ('  BK  +  (YBK 

+  (YBKVIog  Pro  +(',.  +  (*  'BK 

+  (YBK-'  +  (  .BK  +  C  BK' 

Phis  model  has  the  following  properties:  /)  for  any 
given  BK  the  relationship  between  pH  and  log  Pen  is 
linear:  2)  the  slope  and  intercept  of  this  relationship  may 
vary  nonlinearly  with  BK;  and  .'))  for  each  concentration 
ol  hemoglobin  the  calculated  coefficients  define  a  model 
that  fits  the  data  with  high  statistical  significance  (R  > 
(1.99) 

For  each  level  of  hemoglobin,  the  equation  was 
“normalized"  to  a  pH  of  7.400  for  a  BK  of  zero  and  a  Pro. 
ot  40. 0  Torr.  based  on  the  observations  of  Orr  et  al..  in 


six  awake  chronically  eatheterized  swine  tim.  These 
investigators  measured  arterial  CO  partial  pressure 
(Paro  )  as  28  Torr  and  arterial  pH  (pH,)  as  7.42  (BK  *'  1 
mmol/1).  This  seemed  sufficiently  close  to  the  human 
standard  of  IVo.»  of  40  Torr  and  pH  of  7.40  to  retain  tlu*se 
values  for  BK  =  0  for  the  purpose  of  nomogram  constric  ¬ 
tion.  This  normalization  was  accomplished  by  solving 
each  derived  regression  for  BK  at  pH  7.4  and  Pro  -  4*  > 
Torr  using  the  lenkins-Trauh  three-stage  algorithm  <7t 
The  result.  BK,.rr.  „  represented  the  deviation  of  the  ;u  id- 
base  status  of  the  animal  from  zero  at  the  time  the  blood 
was  drawn.  Values  for  the  amount  ol  acid  or  base  added 
(BK)  were  then  adjusted  (shifted)  by  the  amount  of 

BK . .  The  above  regression  model  was  then  refit  with 

the  shifted  BK  values. 

Curve  nomogram.  By  using  the  equations  resulting 
from  the  above  curve-fitting  procedure,  we  calculated  t  he 
relationship  between  pH  and  log  Pen  for  each  of  i  lu- 
three  concentrations  of  hemoglobin  at  each  level  of  BK 
Siggaard- Andersen  and  Kngel  (22)  stated  that  lor  each 
level  of  BK.  there  exist  a  single  pH  and  Pro.  that  an 
independent  of  hemoglobin  concentration.  'Therefore  for 
each  level  of  BK  the  three  lines  calculated  above  sin  mid 
intersect  at  a  single  point.  Brodda  (2)  lias  calculated  t hat 
this  can  occur  only  if  shifts  in  water  between  the  red 
blood  cell  and  plasma  that  result  from  changes  in  pH  are 
taken  into  account.  Kxperimentallv  the  three  isohoino- 
glohin  lines  at  each  level  of  BK  result  in  three  intersei 
lions.  Several  approaches  are  possible  when  approximat¬ 
ing  the  hemoglobin-independent  point  by  computer.  For 
example,  the  three  points  of  intersection  could  he  aver¬ 
aged.  However,  this  method  can  he  shown  to  he  subieet 
to  large  error  when  two  of  the  hemoglobin  lines  air 
nearly  parallel.  Other  simple  methods  of  approximation 
are  similarly  subject  to  error.  At  the  expense  of  being 
more  complex  and  cumbersome,  our  approach  avoided 
this  potent ial  error. 

We  approximated  the  hemoglobin-independent  point 
by  calculating  the  point  that  minimized  tin-  mean  square 
difference  in  pH  and  log  I  Vo  -  between  the  point  and  the 
three  buffer  slope  l isohemoglobin »  lines.  Intuitively  such 
a  point  would  be  that  requiring  the  smallest  change  in 
th<*  projection  of  the  three  hemoglobin  lines  to  produce 
a  common  intersection.  We  derived  this  point  in  the 
following  fashion. 

Let  (pH„„i.  log  IVo  „,,)  he  the  Hb-independent  point, 
and  let  m,  and  b,  (/  =  1.  2,  2)  he  the  slopes  and  intercepts 
of  the  three  linear  relationships  calculated  from  the 
regression  model  for  a  given  BK  lie..  pH  =  w,  log  I  Vo 
+  b,).  Solve  the  following  set  of  equations  for  pH  .,,  and 
log  Pen.  ..... 

d.Y 

-  (i 

d(pli  ,4 

where  X  =  (pH  -  pH  .,)  +  (pH  -  pH  ,i  +  ipll 
pH  ,.,) 

dV 

dtlog  Pro  .,) 

where  V  =  (log  Pro  -  log  Pro 
I  Vo  ,„il  4-  (log  Pro  -  log  Pen 


-  n 

.  .1 »  +  i  log  I  Vo  -  log 

. , ) 
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pH 

Fl<*.  1  Mean  acid-base  curve  nomogram  lor  swine.  See  text  for 
derivation  of  ‘‘mean”  values  for  4  swine  and  construction  of  nomogram 

table  1.  Swine  base  excess  curve  nomogram 

Coordinates  II  Coordinates 


Base  Kxcm 

— 

Ba.se  Excess. 

- 

meq-1  1 

pH.  units 

Pco.. 

Tort 

meq  •  1 

pH.  units 

Pco, 

Tnrr 

-20 

7.145 

19.7 

0 

7.4(H) 

40.0 

- 19 

7.102 

20.7 

1 

7.412 

40.6 

-18 

7.178 

21.8 

2 

7.424 

41.0 

-17 

7.194 

22.9 

3 

7.436 

41.4 

-lb 

7.208 

24.1 

7.448 

41.6 

-15 

7.223 

25.2 

S 

7.461 

4!. 8 

-14 

7.236 

26.3 

6 

7.474 

41.8 

-Id 

7.249 

27.5 

7 

7.488 

41.8 

-12 

7.262 

28.6 

« 

7  502 

41.6 

-11 

7.275 

29.8 

9 

7.517 

41.3 

-  JO 

7.287 

309 

10 

7.532 

40.9 

-9 

7.298 

32.0 

11 

7.548 

40.4 

-H 

7.310 

33.1 

12 

7.565 

39.8 

-7 

7.321 

34.1 

13 

7.582 

39.1 

-6 

7.333 

35.1 

14 

7.6(H) 

38  3 

-5 

7.344 

36.1 

15 

7.618 

37.4 

-4 

4.355 

37.0 

16 

7.637 

36.4 

-3 

7  366 

37.9 

17 

7  657 

35,3 

-2 

7.377 

38  6 

18 

7.678 

34.2 

-1 

7.389 

39.4 

19 

7.7(H) 

33.0 

20 

7.722 

31.7 

Pcoa,  COj  partial  pressure 


pH,  ~  m,  log  Fcoj ,11,1  +  b,  J 

I  for  /  =  1 .  2.  3 


A  curve  nomogram  was  ihen  plotted  by  connecting  the 
hemoglobin-independent  points  for  a  series  of  BE  values. 

Alignment  nomogram.  Curve-shifted  data  were  used 
for  a  computerized  construction  of  the  alignment  nomo¬ 
gram,  in  a  manner  similar  to  that  described  by  Siggaard- 
Andersen  (20). 

Mean  Values 

For  each  pig  the  previously  derived  regression  equa¬ 
tions  (1  for  each  concentration  of  hemoglobin)  were  used 
to  calculate  pH  values  at  each  standard  Pro..,  at  each 
standard  BE.  The  resulting  four  pH  values  ( 1  per  pig)  at 
each  PcOj,  BE,  and  concentration  of  hemoglobin  were 
averaged,  thus  producing  a  set  of  data  representing  the 
“mean"  pig.  Raw  data  could  not  he  used  for  this  purpose, 
because  the  BE  values  of  the  sampled  blood  differed 
slightly  among  pigs,  thus  requiring  differing  degrees  of 
curve  shifting  to  achieve  normalization.  Mean  data  were 


7.20  7.30  7.40  7.50  7.60  7.70  7.80 

pH 


fk;  2.  Comparison  of  our  "mean"  data  for  swine  i - i  with 

vSiggaard- Andersen's  data  for  humans  i - i  and  Scott  Kmuukpor's 

data  for  canines  (« - «  ). 
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then  handled  as  if  they  were  from  a  single  pig.  and  the  that  of  Siggaard- Andersen  (19)  for  human  blood  and  with 
above-described  analysis  was  performed.  The  result  was  that  of  Scot i  Kmuakpor  (12)  for  canine  blood  (Fig.  2i. 
separate  mean  curve  and  alignment  nomograms.  The  alignment  nomogram  is  shown  in  fig.  1. 

RF.Sri.TS  DISCISSION 

The  mean  acid-base  curve  nomogram  for  swine  blood  Our  mean  curve  and  alignment  nomograms  for  swine 
is  depicted  in  Fig.  I;  the  data  are  presented  in  Table  1.  blood  are  different  from  nomograms  for  human  Ilf),  20) 
We  compared  our  curve  nomogram  for  swine  blood  with  and  canine  blood  (12)  (Fig.  d).  As  a  technical  check,  we 

Pco2 


He;  Mean  and-ha.se  alignment  nomogram  lor  .-wine.  See  text  lor  derivation  ol  'mean  data  and  inn-trui  non  ■>(  nomogram 
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performed  similar  but  limited  experiments  with  blood  of 
two  human  volunteers.  The  resultant  limited  nomograms 
i .'in  data  points,  at  hemoglobin  concentrations  of  d.  ID. 
and  l’>  g  dll  were  similar  to  that  ol  Siggaard-Andersen 
I  lN 1 1  between  BK  of  —  ID  and  +10  mmol/l  I P  >  0.5)  hut 
different  from  our  swine  nomogram  </*  <  o.uol).  To 
c  ompare  the  swine  alignment  nomogram  with  that  drawn 
hv  Siggaard- Andersen  for  human  blood  (20).  we  plotted 
<>ur  data  of  known  pH.  PtOj.  hemoglobin  concentration, 
and  BK  on  the  Siggaard- Andersen  alignment  nomogram 
as  if  we  were  unaware  of  the  true  BK  value.  The  BK 
values  determined  from  the  Siggaard- Andersen  nomo¬ 
gram  were  compared  with  the  true  BK  values.  The  re¬ 
sultant  estimated  BK  differed  (/*<(). 001)  from  the  known 
BK  ol  all  blood  samples  at  all  concentrations  of  hemoglo¬ 
bin  and  BK.  except  at  a  BK  of  zero,  for  which  the  results 
are  definit tonally  identical.  In  nearly  all  cases,  however, 
the  calculated  value  was  within  ±10'/  of  the  true  value. 

There  are  several  possible  explanations  for  the  differ¬ 
ences  between  our  nomogram  and  that  of  Siggaard-An- 
dersen.  Neither  set  of  data  is  based  on  the  blood  of  a 
large  population:  Siggaard- Andersen  used  the  blood  of 
tour  humans,  we  used  four  sw  ine.  However,  in  our  exper¬ 
iments,  individual  variation  did  riot  appear  to  be  an 
important  problem. 

Some  of  the  observed  differences  may  relate  to  differ¬ 
ences  in  species.  Scott  Kniuakpor  et  al.  (12)  described  a 
curve  nomogram  for  canine  blood  that  differed  from 
Siggaard-Andersen’s  curve  nomogram  for  human  blood. 
The  buffer  value  of  plasma  proteins  and  hemoglobin  can 
vary  among  mammalian  species  (4,  2D.  and  this  may 
account  for  some,  hut  not  all  (21).  of  the  difference* 
among  the  nomograms.  Measured  total  protein  our 
swine  blood  lT.2  ±  0,;{  g  dl>  was  similar  i  *  *  '.lie  normal 
value  for  humans. 

To  create  blood  sampler  ol  altered  BK.  we  avoided 
important  dilution  »•!  plasma  proteins  by  adding  small 
amounts  of  relatively  concentrated  (O.J-o.s  Ni  acid  or 
base.  We  »herel»v  produced  some  alterations  in  ionic 
strength  of  blood,  which  mas  account  for  >nrne  of  tin* 
differences  between  our  nomograms  for  swine  blood  and 
those  of  Siggaard-Andersen  lor  human  blood  (ID.  2Di 
However,  our  curve  nomogram  for  >vvine  blood  differs 
even  more  from  the  original  curve  nomogram  of  Sig¬ 
gaard- Andersen  and  Kngel  for  human  blood  t22).  for 
which  the  identical  method  of  addition  of  acid  or  base 
was  used. 

To  construct  the  nomograms,  we  followed  I  he  general 
methodology  of  Siggaard-Andersen  However,  the  two 
methodologies  differ  in  several  important  ways. 

We  used  a  method  different  from  that  of  Siggaard- 
Andersen  to  "shift  the  original  data  to  normalize  i  In¬ 
drawn  blood  to  the  established  definition  of  BK  =  U.  pH 
7.4(H),  l  Vo  4D.it  Ton*.  Siggaard-Andersen  (personal  com 
municationt  accomplished  the  following  tasks  graph) 
rally,  fitting  the  curve  and  selecting  tin-  points  hv  eve  / 1 
curve  fitting  the  two  constant  TO  titration  curve  pirn- 
',>H  m.  acid  or  base  added)  at  each  concentration  of 
hemoglobin:  2)  estimating  similar  data  for  Pro.-  in  Torr. 
assuming  a  linear  relationship  between  log  I  Vo.  and  pH. 
followed  by  curve  fitting  of  the  I  Vo  40-Torr  data  as  in 
/:  ■{)  estimating  the  axis  shift  tacid  or  base  added)  t*> 


align  the  Pro.-  4D-Torr  data  so  that  at  a  pH  of  7.4(H).  BK 
was  set  equal  to  zero:  and  4)  estimating  from  the  hand- 
drawn  iso-Pro.  curves  the  pH  at  preselected  levels  of 
BK.  An  example  of  this  graphic  process,  using  data  from 
one  of  our  swine,  is  shown  in  Fig.  4.  We  accomplished  all 
the  above  with  a  computer,  the  resulting  curve-fit  equa¬ 
tions  describing  the  data  with  an  accurat  e  of  more  than 

nn.n.y  / . 

To  draw  the  BK  grid.  Siggaard-Andersen  used  his 
previously  developed  pH -log  Pro.  curve  nomogram  for 
one  set  of  blood  pH  and  Pro  values  and  an  empirical 
relationship  between  buffer  base,  hemoglobin  concentra¬ 
tion,  and  BK  to  estimate  the  required  second  pair  of 
blood  pH  and  Pro.,  values.  Because  of  our  uncertainties 
regarding  the  specificity  of  the  pH-log  Pro.  curve  nom¬ 
ogram  and  the  empirical  relationship  described  above, 
we  chose  to  use  our  original  data  and  the  computer¬ 
generated  curve  fits  to  that  data  to  determine  the  BK 
grid. 

To  generate  the  continuous  isoheinoglobin  lines  of  the 
BK  grid  from  the  original  data,  we  developed  computer- 


& 


BASE  EXCESS 

/’  '*•  ■>  -’s 

2'  S  V  •>  ■*  -A  ■/' 

AOOADUED  BASE  added 

mmol  l 

Hi.  )  M.i-e  e\.  iHI-'.i  iwl  ill. ill/. a  loll  ('V  ur.iplii.  ilk  I  HIM 

-lull  m*:  'l.tta  Ia.iiiiJ  •  n-iiifi  l.it.t  (•  •»  ;  ■  •(  nut  -uim  ■  ■  »|  m.iphii 
-oil  1-  |  •  1 1  l  •>!  !  •  1  HIM-  il'l  um  .*  •  oil-'. lilt  <  <  I  l|li.iH»ti  I  IJI'V  e-  J  1  (M  llli.ll 
-iinil.il  'i.tM  Joi  I’i'i  1"  fort,  it  «— tim.iiuii;  ,i\i> -liift  fn  .ilmii  pi  ti  |ti 
I  oil  •  ur\e  to  pH  7  too  .if  Jit-:  "  .Hid  '  o-iuiiiii  iim  pH  .  1 1  pr,srU*i  ted 
\  ot  MK  ()ii  /»•</ 1 .  < mfal  u a i"  1  o w  i •  r  \  .dm-  iikIk  .ilc  ktmvHi  .imoimi- 

"t  1.  Ill  <>r  ||.|-|-  .iddeil  upper  Millie-  llldh  .lie  11— lllt.llll  UK  litlel  .1X1  — 
-tntiim:  Se.-  r* \i  loi  .ei.iu  I- 'ii. il  di  i. ol-  \\  .  i.  l  otnph-hed  1  h,-e  t.i-k- 
(•s  •  i  impii'  ei  if  .i  tt  ip(n<  .n'l\ 


A  in  MASK  \o\l<M,KAMS  Fi IK  SUINK  Bl.nuD 


i/ed  empirical  mathematical  equations  that  were  plotted 
by  computer.  Siggaard -Andersen  used  points  determined 
graphically  to  draw  curves  by  hand.  Although  we  have 
not  examined  systematically  the  differences  between  the 
two  techniques,  we  did  note  before  completion  of  the 
computer  programs  that  seemingly  small,  unimportant 
interpretive  differences  that  occurred  when  drawing 
curves  by  hand  through  the  original  data  created  rela¬ 
tively  large  differences  in  the  estimated  amount  required 
o  shift  the  “acid-or-base-added”  axis.  These  differences 
created  relatively  large  differences  in  the  alignment  nom¬ 
ogram. 

Another  difference  between  Siggaard- Andersen's  nom¬ 
ogram  and  our  own  is  the  temperature  at  which  tonom¬ 
etry  and  measurement  of  pH  were  performed.  Siggaard- 
Andersen’s  experiments  were  performed  at  38'(’;  ours 
were  performed  at  38.8:0  (normal  body  temperature  for 
swine).  Siggaard* Andersen  correctly  stated  that  mea¬ 
surements  performed  at  temperatures  within  ±  2 °C  of 
38°C  (the  standard  temperature  of  his  nomogram)  are 
“without  any  practically  significant  error”  (20).  We  tem¬ 
perature  corrected  some  of  our  pH  and  Pro.-  data  from 
28.8  to  .‘{S.O-f'  and  then  estimated  BK  from  our  nomo¬ 
gram.  All  estimates  were  within  ±0.1  mmol/l  of  the  true 
value.  Similarly,  using  established  data  for  pA"  solubility 
of  0 O.  in  plasma  (14).  we  determined  that  change  in 
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calculated  plasma  H(()  lu-iwcen  48.0  anil  3N.h  ('  was 
less  than  0.  I  mmol  l. 

Finally  there  are  difterences  in  the  methodology  of 
measuring  pH.  the  major  variable  on  which  these  nom¬ 
ograms  rest.  As  a  result  of  advances  in  design  and  con¬ 
struction  of  pH  electrode  (13)  and  amplifier  (Id),  out 
determinations  of  pH  probably  had  less  variability  |0.001 
±  0.001  (SI))  pH  units)  than  did  the  measurements  of 
Siggaard- Andersen.  Variations  in  the  measurement  of 
pH  that  are  usually  considered  minor  (e.g..  0.003  pH 
units)  result  in  surprisingly  large  differences  in  the  final 
nomogram,  because  relatively  small  changes  in  the  slope 
of  nearly  parallel  lines  greatly  alter  their  point  of  inter¬ 
section.  Small  variations  in  pH  create  the  largest  changes 
in  the  nomogram  in  the  BK  range  of  +  10  to  +23  meq  1, 
the  range  in  which  our  nomogram  differs  most  from  that 
of  Siggaard- Andersen. 
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AH ST PACT 

I*'  further  sympu  l  ;.«•  t  ic  stimulation  is  neither  possible  nor  desirable 
during  mode  rale  hypervolemia,  anesthetic  agents  capable  of  sympathetic 
stimulation  would,  not  b*-  advantageous  for  induction  of  anesthesia  during 
hypovolemia.  To  test  this  hypothesis,  21  swine  were  studied  during 
normovolemia  and  after  30T  of  their  estimated  blood  volume  was  removed.  Swine 
were  randomly  divided  into  three  equal  groups  to  receive  no  anesthetic  or  the 
minimal  anesthetic  dose  of  ketamine  (6.o3  0.38  uig  •  kg ,  iv)  or  thiopental 

(5.77  +  0.21  rag/’ kg ,  iv).  Animals  given  no  drui>  did  not  exhibit  any  further 
changes  during  hypovolemia.  five  minutes  alter  induction  ot  anesthesia  in  the 
hypovolemic  state,  ketamine  but  not  thiopental  caused  large  increases  in 
plasma  epinephrine,  norepinephrine,  am!  renin  activity.  Despite  these 
differences,  both  anesthetics  equally  depressed  systemic  vascular  resistance, 
mean  systemic  arterial  blood  pressure,  heart  rate,  cardiac  output,  and 
bat'oreflox  lunclion.  Neither  anesthetic  affected  oxygen  consumption  or  stroke 
volume.  Both  anesthetics  caused  similar  increases  in  blood  lactate 
concentr.it.  ion .  Thirty  minutes  ifcer  induction  of  anesthesia,  plasma 
epinephrine,  nor-‘p : p:  r  i  n.* ,  am!  renin  activity  remained  higher  in  animals 
given  ketamine  thtu  in.  th->se  given  thiopental.  However,  systemic  vascular 
resistance,  stroke  volume,  and  cardiac  output  were  not  different  for  the 
animals  given  k«-tar.si:ie  or  thiopental,  and  had  recovered  to  values  not 
different  Iron  those  tor  animals  given  no  drug.  Mean  systemic  arterial  blood 
pressure  was  not  diiti-rent  in  the  animals  given  ketamine  or  thiopental,  but 

‘.nose  given  neither  anesthetic.  Oxygen  consumption  did 


remained  lower  than  in 
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:mt  Jitter  niiiong  grou|i^;  however,  only  the  animals  glvi.  ii  ki; l .  1  ::i i ue  continued 
show  turthcr  increase  in  blood  lacLat.e  concentration  and  base  deficit..  Tiilrt 
minutes  after  Infusion  of  shed  blood,  cardiac  ouLpul  and  blood  lactate 
concentration  uere  greater  in  the  animals  given  ketamine  than  in  those  given 
thiopental  or  no  anesthetic.  Ninety  minutes  after  infusion  of  shed  blood,  no 
differences  existed  among  groups.  We  conclude  that  alter  moderate  hemorrhage 
further  increase  in  circulating  catecholamines  is  possible,  but  that  the 
levels  achieved  either  exceed  the  maximal  effective  concentration  at  si'.e(s) 
of  action  or  their  effects  are  overwhelmed  by  the  depressant  effects  of 
ketamine.  This  study  failed  to  document  any  advantage  of  ketamine  over 
thiopental  when  used  in  the  minimal  anesthetic  dosage  for  Induction  of 
anesthesia  during  hypovolemia. 
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INTRCL7CT : 

Although  hypovolemia  is  usually  corive *  «*<i  b«.:*>re  indue  i  i  <u.  u:  i!u*:»i  i  i, 
some  conditions  may  not  permit  restoration  of  blood  volume  beior  survival 
intervention.  Thus,  it  is  occasionally  necessary  to  induce  anesthesia  in  an 
uncorrectably  hypovolemic  patient. 

Compensation  tor  hemorrhage  is  complex;  important  mechanisms  include 
stimulation  of  baroreceptors  and  sympathetic  and  renin-angiotensin  systems, 
and  increases'’ in  heart  rate  and  systemic  vascular  resistance.  During 
normovolemia ,  different  anesthetic  agents  have  differing  influence  on  these 
variables.  It  is  not  known  to  what  extent  anesthetics  modify  these  mechanisms 
during  a  stimulated  state  of  compensation  for  blood  loss. 

Because  of  its  pressor  action,  cyclopropane  had  been  recommended  until  it 
was  realized  that  blood  flow  is  more  critical  than,  and  cannot  be  equated 
with,  blood  pressure.  Laboratory  studies  subsequently  demonstrated  poorer 
survival  rates  for  animals  bled  while  anesthetized  with  cyclopropane  than 
while  anesthetized  with  other  drugs.  ^ 

The  use  of  thiopental  for  induction  of  anesthesia  during  hypovolemia  is 
controversial.  In  World  War  II,  many  young  hypovolemic  men  were  given  large 

doses  of  this  new  agent.  They  breathed  spontaneously,  sometimes  without 

2-13 

receiving  supplemental  oxygen.  Not  surprisingly,  results  were  mixed. 

Ketamine,  like  cyclopropane,  was  advocated  for  use  during 

hypovolemia  ^  because  of  the  hypertension  and  tachycardia  produced  in 

19  21—°  1 

normovolemic  animals  and  humans  9  .  Studies  of  animals  bled  during 

ketamine  anesthesia  produced  differing  l nt e r pre ta t Ions  as  to  the  usefulness  of 
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this  drug  during  hypovo  .  «.*m  la  .  ” 

Nfith«*r  ki.‘t  amine  nor  t  h  iopeni  a  1  h.is  studied  i:i  ,1  controlled  fashion 

; .  >  i*  induction  of  anest  hes  ia  during  hypovol  err.ii .  The  single  laboratory  reports 

27 

ot  administration  of  ketamine  or  thiopental “  to  hypovolemic  dogs  are 
insu:  tic  lent  ly  described  and  without  adequate  controls*  We  conducted  tills 

study  to  examine  the  influence  of  anesthetic  agents  on  compensatory  mechanisms 

24 

to  hemorrhage  in  awake  animals,  and  to  test  our  previously  stated  hypothesis 
that  sympathetic  stimulation  may  be  neither  possible  nor  beneficial  during 
induction  of  anesthesia  in  hypovolemic  subjects. 
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METHODS  AND  MATERIALS 

We  briefly  aneschel  ized  21  young  swine  (Chostor-White-Yorkshire 
crossbreed;  weight  20.0  +  0.5  kg,  mean  +  SE)  with  halothane  in  oxygen  and 
nitrogen,  which  was  adjusted  to  maintain  arterial  oxygen  tension  at  150-200 
mmHg).  The  animals  were  paralyzed  with  succiny lchol ine ,  2  mg/ kg  iv  (later 
followed  by  administration  of  metocurine,  0.2  mg/kg  iv,  which  was  supplemented 
as  required).  The  trachea  was  intubated,  and  the  animal  ventilated  (tidal 
volume,  20  ml/kg;  frequency  was  adjusted  to  maintain  Pa^Q„  at  39.9  +  0.2 
mmHg).  After  local  infiltration  with  0.5%  bupivacaine,  catheters  were  placed 
through  the  superficial  femoral  artery  into  the  abdominal  aorta  and 
percutaneously  through  the  innominate  vein  into  the  pulmonary  artery. 

Halothane  was  then  discontinued  and  eliminated  by  ventilation  until  its 
end-tidai  concentration,  as  measured  by  mass  spectroscopy  (Perkin  Elmer  Model 
MCA  1100AB),  fell  to  less  than  0.5  mmHg  (0.05  MAC).  We  waited  an  additional 
30  min  before  beginning  our  studies. 

Systemic  arterial,  pulmonary  arterial,  and  right  atrial  pressures  were 
transduced  (Statham  23Db),  and  mean  pressures  derived  electrically  by  a  Gould 
preamplifier.  Cardiac  output  was  estimated  using  a  thermodilution  technique 
(3  ml,  0°  C,  0.9%  NaCl),  a  thermistor-tipped  5-Fr  pulmonary  arterial  catheter 
(Edwards  Laboratories)  and  an  analog  computer  (Edwards  Model  9520A).  The 
temperature  of  the  injeetale  was  measured  continuously.  Cardiac  output  was 
measured  until  two  successive  values  produced  satisfactory  logarithmic  washout 
curves  and  differed  by  no  more  than  0.2  1/min.  We  continuously  measured 
partial  pressures  of  oxygen,  carbon  dioxide,  and  halothane  at  the  orifice  of 
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t he  endotracheal  tube  using  muss  spectroscopy.  These  physiologic  variables 
w**re  recorded  by  a  Gould  polygraph  (Model  2800). 

We  calculated  systemic  vascular  resistance  (SVK)  as  the  difference 
between  mean  systemic  arterial  (BPa)  and  right  atrial  pressures,  divided  by 
cardiac  output.  Pulmonary  vascular  resistance  was  calculated  as  the 
difference  between  mean  pulmonary  arterial  and  pulmonary  arterial  wedge 
pressures,  divided  by  cardiac  output. 

Temperature,  measured  ir.  pulmonary  arterial  blood,  was  maintained  within 
0.5°  C  of  its  initial  value  using  circulating  water  heating  pads. 

During  each  experimental  condition,  we  used  Radiometer  electrodes  in 

steel-and-glass  cuvets  to  determine  partial  pressures  of  oxygen  and  carbon 

29 

dioxide,  and  a  Sever inghaus-l’C  electrode  to  measure  pH,  in  both  systemK  and 
pulmonary  arterial  blood.  All  electrodes  were  maintained  at  37°  C. 

Calibrating  gases  and  buffers  were  measured  before  and  after  each  blood  sample 

reading;  the  measurements  were  corrected  for  electrode  drift,  liquid-gas 
30  31 

factor,  and  body  temperature.  Oxygen  concentrations  in  systemic  and 

pulmonary  arterial  blood  were  measured  in  duplicate  by  a  galvanic  cell 

32 

instrument  ( Lex-t^-Con-TL ,  Lexington  Instruments).  We  calculated  oxygen 
consumption  as  the  product  of  cardiac  output  and  the  difference  between 

arterial  and  mixed  venous  oxygen  concentrations.  Base-excess  was  estimated 

33 

using  a  nomogram  for  swine  blood. 

During  each  experimental  condition,  arterial  blood  samples  were  obtained 
for  enzymatic  measurement  of  whole-blood  lactate  concentrations'^  and  plasma 
epinephrine  and  norepinephrine  concentration!:,^  and  for  rad io immune  assay  of 
plasma  renin  activity^. 
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All  or  these  measurements  and  calrul.it  ions  were  made  while  animals  were 
normovolemic  •  Then  30%  of  each  animal's  blood  volume  (estimated  using 
equations  developed  by  Engelhard t ^ )  was  removed  through  the  arterial  cannula 
during  a  30-min  period.  An  additional  30  min  was  allowed  before  measurements 
were  made  for  this  hypovolemic  state.  Each  animal  was  randomly  assigned  to 
receive  ketamine  (Group  K),  thiopental  (Group  T),  or  no  anesthetic  (Group  0). 
In  all  other  respects,  animals  were  treated  similarly. 

We  determined  the  appropriate  dose  of  drug  for  each  animal  as  follows. 
Forty-eight  to  seventy-two  hours  before  the  day  of  exper  iinei  t ,  a  cannula  was 
inserted  into  an  ear  vein  of  each  (unmed icated )  swine.  Thiopental  or 
ketamine,  6  mg/kg  iv,  was  given  rapidly,  followed  by  repeated  iv  injections  of 
2  mg/kg  every  15-20  s  until  the  animal  no  longer  responded  to  a  painful  ear 
stimulus.  On  the  day  of  experiment,  one-half  this  dosage  was  administered  as 
a  single  bolus.  in  a  separate  set  of  experiments  on  swine,  using  eight 
1 i ttermates ,  we  established  that  30%  hypovolemia  reduces  the  anesthetic 
requirement  by  approximately  30%  for  thiopental  and  approximately  40%  for 
ketamine.  (Weiskopf  RB  and  Bogetz  MS,  unpublished  data).  These  reductions 
did  not  differ  significantly  from  each  other.  Group  K  received  ketamine,  6.65 
+  0.38  rag/kg;  and  Group  T,  thiopental,  5.77  +  0.21  mg/kg. 

All  measurements  were  repeated  5  and  30  min  after  induction  of 
anesthesia.  Shed  blood  was  then  returned  to  the  animal  and  measurements  were 
repeated  30  and  90  min  later. 

For  each  experimental  condition,  results  among  groups  were  compared  using 
analysis  of  variance  with  repeated  measures  and  the  NYwraan-Keu  is  method  of 
multiple  comparisons.  Statistical  significance  was  accepted  when  P  <  U.05. 
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RESULTS 

Hemorrhage  (Table  I) 

Hemorrhage  produced  changes  similar  to  those  we  have  observed  in  a  larger 
group  of  similar  swine.  Right-  and  left-sided  cardiac  filling  pressures 
decreased.  Plasma  renin  activity,  plasma  concentrations  of  epinephrine  and 
norepinephrine,  heart  rate,  and  systemic  vascular  resistance  increased. 
However,  Lhese  responses  did  not  sustain  stroke  volume,  cardiac  output,  or 
mean  systemic  arterial  blood  pressure.  Oxygen  consumption  increased;  and  a 
decrease  in  base-excess  and  an  increase  in  whole-blood  lactate  concent  rat  ion 
indicated  the  development  of  systemic  acidosis. 

Induction  of  Anesthesia  with  Ketamine  or  Thiopental  (Table  2) 

Control  Animals:  No  variables  changed  in  control  animals  during  the 
hypovolemic  period* 

Five  Minutes  after  Induction:  Five  minutes  after  administration  of 
ketamine  (P  <  0.05),  but  not  thiopental  (P  >  0.05),  plasma  epinephrine, 
norepinephrine,  and  renin  activity  had  increased.  Despite  these  differences 
in  circulating  vasoactive  agents,  ketamine  and  thiopental  produced  similar 
changes  in  compensatory  cardiovascular  responses  to  hemorrhage.  Systemic 
vascular  resistance  was  lower  in  Groups  K  and  T  than  in  Group  0.  Neither 
agent  changed  right-  or  left-sided  cardiac  filling  pressures.  Although 
ketamine  and  thiopental  significantly  decreased  heart  :*ate,  the  resulting 
rates  did  not  differ  significantly  from  the  rate  for  Group  0.  Because  neither 
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than  in  Group  T,  tfi.-v  two  groups  JiJ  sot  .JifN-r  t  ma  Cryu/)  U.  Plasma  r.-nin 
activity  was  higher  in  Group  K  thin  in  Group  T,  but  the  activity  in  these 
groups  was  not  different  from  Group  0.  For  Groups  K.  and  T,  SVR  did  not  differ 
from  each  other,  but  was  less  than  that  for  Group  0.  Barorefiex  function 
partially  recovered,  but  remained  similarly  depressed  in  Groups  K  and  T. 

Right-  and  lelt-sided  cardiac  filling  pressures  and  heart  rate  remained 
similar,  and  cardiac  output  no  longer  differed  among  groups.  Also,  the 
resultant  mean  systemic  arterial  pressure  was  similar  for  Groups  T  and  K;  both 
were  less  than  that  for  Group  0. 

Oxygen  consumption  did  not  differ  among  groups,  but  whole-blood  lactate 
conce n t ra t ion  continued  to  rise  and  base-excess  continued  to  fall 
significantly  only  in  Group  K  (P  <  O.UO). 
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DI  SCENE  I  ■  \ 

The  cardiovascular  effects  produced  by  induction  or  jint;:1/  s:  .  v.  i  r  ■ 
ketamine  during  hypovolemia  differ  iron  those  seen  during  aorniovoN-nj  i.  He,:- 
rate,  mean  systemic  blood  pressure,  and  cardiac  output,  increasi*  w‘  •  1  ■:  ; 

is  administered  to  normovolemic  animals1'  *■  '*  or  nan'^*^  In  c,utr 

these  variables  decrease  during  hypovolemia.  In  our  study  r.?*t  am:  n*  e  : 
thiopental  produced  identical  cardiovascular  changes  initially.  Air 
these  two  anesthetics  affected  plasma  catecholamine  concent v 'at  ion-  : 

activity  differently,  both  similarly  deteriorated  the  animal's  ab i • : r v 
compensate  for  hemorrhage  and  decreased  SVR,  cardiac  output,  and  lii.i .  L  :• 
anesthetics  seriously  depressed  haroreflex  function.  Thiopental  has  V--*-n 
reported  to  depress  the  baroreceptor  reflex  in  a.m^  and  dogs^.  Our 
experimental  design  did  not  permit  us  to  delineate  which  purr  lon(  s  J  ot  the 
reflex  were  depressed. 

Thirty  minutes  after  induction,  hypovolemic  animals  who  had  received 
ketamine  for  induction  became  progressively  more  acidotic,  while  those  who  had 
received  thiopental  or  no  anesthetic  did  not. 

In  our  present  experiments,  administration  of  ketamine  further  increased 
circulating  catecholamine  concentrations  above  the  already  elevated  levels 
caused  by  the  sympathetic  response  to  hypovolemia.  Thus,  one  portion  of  our 
hypothesis  is  not  supported.  In  swine,  the  sympathetic  response  to  30* 
hemorrhage  was  not  maximal;  further  sympathetic  response  was  possible.  The 
concomitant  increase  in  plasma  renin  activity  after  administration  of  ketamine 
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nay  be  a  function  of  increased  sympathetic  activity,  other  circulating 

substances or  a  separate  action  of  ketamine.  The  progressive  lacti 
acidosis  30  min  after  induction,  seen  only  in  the  ketamine  group,  may  be  a 
result  of  increased  oxygen  demand  caused  by  increased  sympathetic  activity 
without  concomitantly  increased  blood  flow.  Despite  the  increase  in 
catecholamine  concentrations  and  renin  activity,  SVR,  BPa ,  and  cardiac  output 
decreased.  This  failure  of  massively  increased  levels  of  circulating 
catecholamines  to  maintain  BP  1 ,  SVR,  and  cardiac  output  implies  that  ketamine 
has  a  powerful  opposing  depressant  effect,  or  that  the  maximal  response  to 
stimulation  had  been  achieved.  Ketamine  has  been  shown  to  be  a  direct 
myocardial  depressant ,  ^  not  to  cause  contraction  of  rabbit  aortic 

strips,^  and  to  relax  phenylephrine-induced  contracted  rabbit  aortic 

48  49 

strips  .  Sira  arly,  thiopent.il  depresses  the  myocardium  and  peripheral 

vasculature.^  In  our  experiments,  both  anesthetics  decreased  SVR.  The  fall 

in  stroke  volume  index  at  a  time  when  left  ventricular  preload  increased,  seen 

after  administration  of  both  drugs,  tends  to  indicate  myocardial  depression. 

However,  since  heart  rate,  afterload,  and  myocardial  compliance  were  not 

controlled,  no  conclusion  can  be  drawn. 

Alternatively,  the  increase  in  circulating  catecholamines  in  the  animals 
given  ketamine  could  have  been  a  response  to  the  hypotension  produced  by  the 
drug.  This  would  imply  that  thiopental  blocked  a  similar  response  in  the 
animals  In  Group  T.  Our  experimental  data  can  not  differentiate  between  these 
proposed  mechanisms.  Nevertheless,  our  data  do  support  the  second  part  of  our 
hypothesis:  that  further  sympathetic  stimulation  during  induction  of 

anesthesia  during  hypovolemia  is  no”  beneficial. 
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Several  aspects  of  our  methodology  should  be  discussed.  Our  animals  were 
not  "trained*’;  therefore,  data  obtained  in  the  absence  ot  anesthesia  may  not 
be  equivalent  to  data  for  "resting"  animals.  Nevertheless,  cardiovascular 
data  we  obtained  for  the  unmedicated,  normovolemic  state  fall  within  the  range 
of  values  reported  by  other  investigators.^*^  Furthermore,  hypovolemic 

and/or  traumatized  humans  are  not  in  a  "resting"  state.  The  few  limited 
reports  of  hemorrhage  in  unmedicated  swine  have  shown  an  arterial  blood 
pressure  response  similar  to  that  of  our  an Lmal s .  ^  J *  Because  dot  li led 

cardiovascular  response  of  unmedicated  swine  to  hemorrhage  lias  not  been 
reported,  we  cannot  compare  some  of  our  results  with  tliose  of  oilier 
investigators . 

The  question  of  whether  animal  data  can  be  applied  to  man  is  always 
relevant.  All  cardiovascular  and  metabolic  responses  to  hemorrhage  in  our 
swine  are  consistent  with  what  is  known  for  man.  Although  t he  dog  has  been 
the  species  most  frequently  used  to  study  hemorrhage,  its  response  and  that  of 
the  rat  differ  in  important  ways  from  that  of  In  these  species, 

contraction  of  the  hepatic  sphincter  causes  splanchnic  engorgement  and  a 
number  of  sequelae  not  seen  in  man.^’^  The  response  of  the  gastrointestinal 
tract  of  swine  in  shock  resembles  that  of  man.^ 

Because  we  did  not  conduct  a  dose-response  study,  we  cannot  address  the 
question  of  whether  other  doses  of  ketamine  or  thiopental  could  have  produced 
different  effects  during  hypovolemia-  However,  the  minimal  anesthetic  dose 
required  during  normovolemia  was  determined  for  both  agents  and  individually 
for  each  animal.  This  dose  was  then  reduced  in  accordance  with  our  findings 
tli.it  hypovolemia  similarly  reduces  the  anesthetic  requirement  lor  thiopental 
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and  ketamine.  Smaller  doses  would  not  have  been  anesthetic,  and  other 
cardiovascular  responses  could  have  occurred. 

Our  data  do  not  demonstrate  a  beneficial  effect  from  using  ketamine 
during  hypovolemia.  Studies  reporting  satisfactory  use  of  ketamine  for 
patients  in  “hemorrhagic  shock"  have  had  some*  shortcomings:  the  concomitant 
use  of  other  drugs;  and/or  the  failure  to  substantiate  major  blood  volume 
deficit,  to  indicate  the  dose  of  ketamine  administered,  or  to  document 
cardiovascular  responses  at  specific  time  intervals.^*4  ^ 

The  literature  concerning  the  use  of  thiopental  for  induction  of 
anesthesia  during  hypovolemia  is  also  anecdotal.  Ln  World  War  II,  the  drug 
was  used  in  doses  of  at  least  500  to  1,000  mg.  Patients  breathed 
spontaneously ;  and  in  many  cases,  inspired  oxygen  concentration  was  21%.  It 
is  not  surprising  that  the  result  was  sometimes  catastrophic.  Ketamine  was 
introduced  30  years  later,  after  use  of  controlled  ventilation  and  high 
inspired  concentrations  of  oxygen  had  become  routine,  and  after 
anesthesiologists  had  become  more  skilled  at  recognizing  and  treating 
hypovolemia.  These  improvements  alone  would  have  improved  outcome. 

If  anesthesia  must  be  induced  in  a  hypovolemic  patient,  ketamine  0.5 
mg/kg  iv  is  often  administered.  Sometimes  the  result  is  su  t  i  s  f  ae  t«»ry ; 
occasionally  severe  cardiovascular  depression  results.  Because  many  other 
events  occur  almost  simultaneously  (endotracheal  intubation,  positive-pressure 
ventilation,  skin  incision  and  rapid  initiation  of  surgery,  continued  fluid 
infusion),  the  outcome  does  not  reflect  the  effects  of  the  anesthetic  agent 


alone. 
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Our  data  indicate  that  moderate  hypovolemia  does  not  produce  a  maximal 
increase  in  circulating  ca techo lanines .  Administration  of  ketamine,  but  not 
thiopental,  causes  a  further  increase.  However,  the  increased  plasma 
concentrations  do  not  further  stimulate  the  circulation,  because  they  ire 
above  the  maximal  possible  effective  concentrations,  or  because  their  effect 
is  overwhelmed  by  the  depressant  qualities  of  ketamine,  or  both. 

Administering  ketamine  for  induction  of  anesthesia  during  hypovolemii  did  not 
offer  any  advantages  over  thiopental  when  both  were  used  at  the  minimal 
anesthetic  dose.  The  clinician  should  note  that  an  anesthetic  agent  is  not  a 
substitute  for  adequate  restoration  of  blood  volume  and  venous  return;  and 
when  an  anesthetic  must  be  administered  during  significant  hypovolemia, 
cardiovascular  depression  should  be  expected. 
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Table  1.  Vesper. no  of  f.wir.e  tc  7  1 « 

V.  1  r~  ■  •  -i  (  . 

;  r-  - 

*•  v 

:Ir.4  ar.-- 

Hypovr-1  * 

•;-rr.r. 

.■■min 

J  -  ■ 

r.-rr  i  c 

P 

Kean  right  atrial  pressure  (mr.Hg) 

1  .  } 

*• 

-0 .  7 

i 

0.  3 

<0.001 

PWP  (nmHg) 

+ 

n 

0 . 0 

4- 

C.  3 

<0.091 

Renin  activity  (r.g/ml ) 

4- 

8.2 

1.7 

<0.  005 

Plasma  epinephrine  (pg/ml) 

?  1 

4- 

?  1 

7-.'. 

± 

1 57 

<0 . CO 5 

Plasma  norepinephrine  (pg/ml) 

i-o 

4- 

30 

3«7 

- 

66 

<0.02 

Heart  rate  (.beats/r.in) 

'  '  ° 

£ 

i1;- 

<0.001 

Stroke  volume  (ml/kg) 

1  ~1 1 

4- 

0.57 

c.s; 

0.08 

0.001 

Cardiac  output  (nl/nin/kg) 

1714 

4- 

c; 

113 

4- 

t 

<0.001 

BPa  (mm-Hg) 

129 

± 

•) 

100 

— 

6 

<0.001 

PAP  (mmHg) 

13.9 

4- 

C.5 

9.9 

+ 

0.5 

<0.001 

Oxygen  consumption  (:ul  Op/min/kg) 

7.27 

+ 

0.26 

7.94 

+ 

0.2s 

<0.  02 

Ease  excess  (cmol/1) 

5.7 

+ 

0.6 

3.3 

+_ 

0.  6 

<0.01 

Lactate  concentration  (mmol/1) 

1.10 

± 

0.13 

1.69 

0.25 

<0.05 

SVR  (mmHg/l/ain) 

3-7.3 

_+ 

1 .  1 

95.2 

£ 

2-3 

<0.005 

PVR  (mmHg/l/nin) 

3-05 

♦ 

0 . 1  -u 

9.18 

+ 

0.21 

<0.001 

Values  are  means  +.  SE;  n  =  21. 

PWP,  pulmonary  arterial  wedge  pressure;  HPa,  mean  systemic  arterial  blood 
pressure;  PAP,  mean  pulmonary  arterial  bicod  pressure ;  SVR,  systemic  vascular 
resistance;  and  PVR,  pulmonary  vascular  resistance. 


KETAMINE  OR  THIOPENTAL  INDUCTION  DURING  HYPOVOLEMIA 


figure  lege no 

Fig.  1.  Barorecoptor  reflex  function  in  awake  normovolemic  and 
hypovolemic  swine  (open  symbols),  and  after  admini st rat  ion  (closed  symbo 
of  ketamine,  thiopental,  or  no  anesthetic.  Data  are  mean  values  lor  sev 
swine . 
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